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ABSTRACT 
The phenotypic expression of the callipyge (CLPG) genotype lambs is 
characterized by heavy muscling and less carcass fat. The objective of this study 
was to determine if CLPG lambs have lower muscle protein turnover than normal 
Dorset crossed lambs and if protein and energy intake altered this rate. Twelve 
wether lambs were studied in two blocks (3 CLPG and 3 Normal/Block). Lambs 
were approximately 4.5 months of age and weighed 36.7 ± 1.6 kg. Lambs were 
paired and fed three diets differing in energy and/or protein levels; HEHP (3.1 Meal 
ME/kg DM, 15.75% CP), HELP (3.1 Meal ME/kg DM, 9.5% CP), and LEHP, (2.1 Meal 
ME/kg DM. 14.1% CP) in a 3x3 Latin square arrangement of diet and period 
treatments. The lamb pairs were fed each diet ad libitum for 3 weeks. Nitrogen 
balance and protein turnover were measured from d 15 to d 20 of each period. 
Muscle protein breakdown was measured by injection of 3-methyl-[methyl-^H3]-
histidine (d3-3MH) and using a compartmental analysis of the isotope decay eun/es. 
During the last 5 days of each period, quantitative urine and feces output were 
collected, and serial of blood samples were taken. CLPG lambs retained more N 
compared to normal lambs when fed HEHP or HELP diets but less N when fed 
LEHP diet. Across all diets, CLPG lambs secreted less urinary N compared to 
normal lambs (13.3 and 15.3 g/d, respectively). 
Callipyge lambs had higher (140.3 vs. 89.2 g/d, P < .01) muscle protein 
breakdown than normal lambs. Lambs fed HELP diets had higher {P < .025) muscle 
protein breakdown compared with lambs fed HEHP and LEHP diets (148.3,101.1, 
vl 
and 94.8 g/d, respectively). The increased muscle size in lambs expressing 
callipyge gene is may be due to increased muscle protein synthesis. These data are 
suggestive of a greater maintenance energy need in callipyge lambs. 
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CHAPTER 1. GENERAL INTRODUCTION 
Meat animals: The biological processors 
The ratio of the quantitative input of raw material and the output of finished 
product is essentially the main parameter in which the efficiency of any processing 
line is measured. In other words, efficiency is the amount of raw material put in to 
produce a unit of finished product. The quality of the finished product, measured by 
its acceptability by the consumer, is also a measure of the success or failure of the 
product itself. In the case of mechanical processors, control of the process is in the 
hands of the operator. Many Ingredients that could contribute to the betterment of 
the finished product could also be added at will. Here, every action Is purely 
mechanical and run by machine using available energy. 
Living plants or animals are a type of biological processors. Here the whole 
process is internalized and is neither fully nor clearly seen or understood. Phases of 
the process of turning the fuel (feed) into the finished product (meat) that the body 
can use are also far more complex than mechanical processing. In addition, the end 
product of the mechanical processing is designed with exact specification that can 
be controlled during the process. Biological processors (living bodies) are not yet 
fully understood which make control of the final product specification different. 
The calllpyge phenomenon -History and background 
Researchers have over the centuries been involved in trying to understand 
the processes involved in those long, complicated and mysterious events that 
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convert feed consumed by animals (one group of the two biological processors), to 
products that are either consumed or used by humans. They have also been trying 
to make that process more efficient (duration and cost) and make the product better 
(more acceptable to the consumer). Even though their endeavors have lead to 
partial understanding of some of these processes, much is yet to be understood or 
even discovered. As happens sometimes, mutations occur in nature that results in 
substantial changes in phenotypes of animals that potentially can lead to better 
understanding of the biological processes. About a decade and half ago, one such 
mutation in lambs has led to a better understanding of muscle growth. 
A Dorset ram was first observed at a purebred lamb producer (Moffat Farm), 
in Oklahoma in 1983. This animal had an extremely heavy muscling at its 
hindquarters but relatively normal forequarters (Youngs, 1995). As early as 1993, 
Dr. Cockett and colleagues at Utah State University found the gene that was 
responsible for this phenomenon and called it the callipyge gene. This lamb, a 
Dorset lamb, to which the origin of heavy muscle phenotype was attributed, was 
named "Callipyge" which from Greek word meaning "beautiful-buttocks" {calli-
means beautiful and -pyge means buttocks) and the symbol CLPG has been 
proposed for this gene (Cockett et al., 1994). The expression of callipyge (CLPG) or 
heavy muscling genotype lambs is characterized by heavy muscling and less 
carcass fat. Some over enthusiastic scientist and producers went to the extent of 
calling it "Solid Gold" (Busboom et a!., 1996). This breed still is the subject of 
intensive and extensive research nation wide. 
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The "callipyge" phenotype appears in lambs at approximately 4-6 weeks of 
age. Triple, twin and orphan callipyge lambs on a lower plane of nutrition expressed 
this phenomenon 4-6 weeks later, when they began to catch-up with single born 
lambs in tenns of physiological maturity (Jackson et al., 1997a). Callipyge lambs 
have nonnal birth weight, size, shape, and their dams do not suffer from dystocia. 
This is very much unlike the birth weight of double muscled calves which are 10-
30% heavier and extremely heavy muscled at birth (Kieffer et al., 1971), resulting In 
increased dystocia during calving especially in purebred animals (Kidwell et al., 
1952; Kieffer et al., 1971; Hanset and Jardrain, 1979). The phenomenon of 
callipyge was initially confused with double muscling in cattle, though they do not 
have anything other than the big muscles in common. Many sheep farmers have 
even started referring it to as double muscling. However, meat scientists found out 
that it is not like double muscling that occurs in cattle but another kind of heavy 
extreme muscling or muscle hypertrophy. The double-muscle condition in cattle is 
due to an increase in muscle fiber number (hyperplasia) during prenatal growth and 
development. The heavy muscle condition in callipyge is due to an increase In 
muscle fiber size (hypertrophy) 4 to 6 weeks after birth. According to Frank 
Craddock, a sheep specialist at Texas A&M University this trait has tremendous 
muscling that affects only on certain muscles. 
Genetic role of callipyge gene 
According to Mendellan genetic theory, the nomial segregation of dominant 
phenotype, when one parent is homozygous and other parent is a non-carrier is 1:1. 
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This suggests that a single, dominant gene controls the callipyge muscle phenotype 
when the gene is inherited as the paternal allele. Additionally, there was equal 
segregation of the callipyge phenotype across both sexes (Cockett et al., 1994). 
Busboom et al. (1996) reported that in farm animal, the phenotypic 
expression of a gene is dependent on parental origin, but in callipyge (C) gene, the 
expression of the gene is different. They mentioned that when the offspring receive 
the C from the dam, the expression of the C gene is blocked maternal imprinting, 
therefore the offspring appears nomnal phenotype even if the second copy of the C 
gene is inherited from the sire. In all genetic mating patterns, when the offsprings 
inherited C gene from their dams, they appeared normal (not extremely muscular). 
Therefore, all lambs with homozygous (CC) gene were all normal phenotypes in 
appearance. All lambs with the heterozygous (CN) gene were all callipyge 
phenotypes if they receive the C gene from their sire, but they were all normal 
phenotypes in appearance if they receive the C gene from their dams (Figure 1). 
Busboom et al. (1996) reported that the typical phenotypic ratio is 50% 
callipyge and 50% normal of the offspring when heterozygous callipyge rams were 
mated with homozygous normal ewes. 
Jackson et al. (1997a) investigated the inheritance of the callipyge gene when 
236 normal muscle ewes were mated to half-sibling heterozygous callipyge Dorset 
rams. They found that 48.2% of the weaned lambs expressed a callipyge muscle 
phenotype and 51.8% was expressed a normal muscle phenotype. They also found 
that the pattern of phenotype expression was not different between the two 
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Mating type 1: 
Mating type 2: 
Mating type 3: 
Mating type 4: 
Cailipyge Sire (CN) X (NN) Normal Dam 
I 
50% Cailipyge (CSND): (NSND) 50% Normal 
Cailipyge Sire (CN) X (CN) Cailipyge Dam 
i 
Va CSCD : y*, CSND : 'k NSCD : V*, NSND 
Normal: % Cailipyge: % Normal: Nomal 
25% Cailipyge : 75% Nomial 
Normal Sire (CC) X (NN) Normal Dam 
i 
All (CSND) 
100% Cailipyge 
Normal Sire (CC) X (CC) Normal Dam 
i 
All (CSCD) 
100% Normal 
Figure 1. The typical phenotypic ratio of cailipyge and nonnal phenotypes in 
different mating. C= cailipyge genotype; N^ normal genotype; D= the gene received 
from the dam S= the gene received from the sire. 
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phenotypes and from the expected percentage (50%) or the sex ratio of lambs 
expressing the callipyge gene (44% of ram and 51.8% of ewe lambs expressed 
callipyge muscle phenotype. 
The callipyge gene was found to cause rapid postnatal muscle hypertrophy 
and reduction in adipose tissue deposition in sheep (Cockett et al., 1994). Also, they 
reported that heavy muscling is a neonatal mutation in sheep, and their results 
indicated an autosomal dominant-gene to be responsible for this hypertrophy 
condition (Cockett et al., 1994). In the case of callipyge, they have located flanking 
markers for the callipyge locus and, according to their findings, were segregated in 
paternal half-sibling pedigrees and a dominant trait. Cockett et al. (1994) reported 
that a single autosomal gene is responsible for the heavy muscle hypertrophy in 
sheep, and the corresponding locus was mapped by linkage studies to ovine 
chromosome 18 in the inten/al between microsatallite markers CSSM18 and TGLA 
122 at a distance of 3 and 17.5 centimorgans (cM), respectively. This, of course, is 
an indication that an autosomal dominant gene could be responsible for this 
muscular hypertrophy condition. The significance of this finding is in the capabilities 
of detemiining if an animal is heterozygous (having only one copy of the gene) or 
homozygous (having two copies of the gene). 
The callipyge lambs -Is It a better animal? 
Callipyge sheep could provide benefits to the producer including feed 
efficiency and the receipt of premium for these animals in response to the increased 
yield of primal cuts (Carpenter, 1994). Additionally, callipyge lambs could increase 
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consumer demand for lambs due to the appeal of the notably lean and larger retail 
cuts. There appears to be much potential to even maximize these beneficial traits in 
callipyge animals. Producers also may benefit from increases in efficiency of lean 
meat production and possible price premiums from packers for improved carcass. 
Packers are also bound to benefit from increased yield, while retailers may see an 
increased consumer demand for the larger and leaner retail cuts of callipyge lambs, 
and hence improved sales leading to increased profits. However, all of these 
advantages are dependent upon consumer acceptance of callipyge cuts. 
Consumers of lamb prefer large loin chops that have little external fat (Shelley 
et al., 1970; Robinson, 1989). The callipyge lamb not only provides this but also 
eliminates, to a large degree, the problem of producing lambs that are excessively 
fat and lightly muscled (Jackson et al., 1997b). However, questions about meat 
tenderness detract markedly from these advantages. If a method is not found to 
improve tenderness of callipyge lambs, this may not a viable market for this meat. 
Questions remain to approach this formationai basis as with any processing 
machine, we have to better understand the system. The goal of the current work is 
to understand protein breakdown in callipyge lambs. With this understanding, 
perhaps, a better "processor" can be designed. 
Dissertation organization 
This dissertation is arranged in the manuscripts fomiat of Iowa State 
University. It contains 5 chapters. Introduction and literature review give some 
background about callipyge gene (heavy muscled) in sheep and some differences 
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and similarities between callipyge and norniai lambs, in addition to approach of 
muscle growth and protein turnover. Two objectives were completed in this 
dissertation. The first compares nitrogen balance, daily feed intake, average daily 
gain, and feed efficiency in callipyge and normal lambs, as well as the interaction 
between protein and energy intake. The second compares muscle growth and 
protein turnover, synthesis, and breakdown in callipyge and normal lambs. 
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CHAPTER 2. LITERATURE REVIEW 
There were some similarities and differences between callipyge and nomial 
phenotype lambs in the animal performance and carcass characteristics, which were 
studied extensively by many researchers. The similarities and differences that were 
investigated between these two phenotype lambs were discussed in this chapter. 
Physical differences between callipyge and normal lambs 
The origin of this phenomenon, the "Callipyge" or "heavy muscled", as it is 
known by Cockett et al. (1994), was attributed to a Dorset ram called "Solid Gold" 
(Busboom et al., 1996, unpublished paper). This ram was born in 1983 in the Moffat 
Farm in Oklahoma and was obsen/ed by the owner to have extreme muscling 
(Busboom et al., 1996, unpublished paper). In Texas Tech University, the first 
breeding of the heavy muscled lambs was studied in 1989. Since that time, many 
other scientists in several laboratories started and are still working on this animal, 
especially those who are interested in sheep and Meat Science studies. 
Callipyge animals are extremely muscular in their hindquarters compared with 
normal lambs. In addition, there were some changes in growth, feed intake and 
tissue compositions. 
Grovvth 
The presence of the callipyge (CLPG) gene in lambs did not have an effect on 
average daily gain (ADG) based on 28-day period following an adjustment period 
10 
(Snowder et al., 1994a, c). The ADG gain of callipyge and normal half-siblings was 
similar, 360 and 350 g/d, respectively (Jackson et al., 1997a). Here too different 
sexes had a different AOG, 360g/d for callipyge ram lambs compared to 270 g/d for 
their ewe lambs. Jackson and Green (1993) and Jackson et al. (1993, a, b) reported 
that neither the birth weights, nor the weaning weights or weight gains were affected 
by callipyge gene. 
Feeding 
Lambs expressing callipyge phenotype were found to consume less feed/day 
than normal half-siblings (Jackson et al., 1997a). As a result, lambs with callipyge 
gene, may increase the efficiency of lamb production through improvement in feed 
conversion. 
Calculation of protein requirement for sheep, according to National Research 
Council (NRC), depends on animal stage, frame size, and lean to fat ratio. 
Therefore, early-weaned lambs require more protein, because they have a greater 
lean to fat ratio. Busboom et al. (1996, unpublished data) indicated that 13% crude 
protein (CP) is adequate for normal lambs and suggested a level higher than 13% 
CP is require for callipyge lambs. 
A metabolic rate study conducted at Colorado State University and the 
University of Wyoming showed that heat production in fasted callipyge and normal 
lambs was not much different (48.9 and 50.7 kcal/kg respectively). The 
callipyge group, however, had lower respiratory quotient (O2 consumption/COa 
production) than nomnal lambs. They have also established that callipyge lambs had 
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a lower metabolic energy maintenance than normal lambs (74.3 and 79.1 kca/kg, 
respectively). Since metabolized energy decreases as the viscera to muscle ratio 
decreases, the lower ME maintenance requirement of callipyge lambs may be 
explained by their lower organ mass and higher muscle mass. On full feed, normal 
lambs are more efficient than the callipyge lambs in retaining ME, probably because 
they have more fat which is an efficient tissue to maintain from an energetic 
standpoint (Busboom et al., 1996, unpublished data). 
Callipyge ram and ewe lambs have superior (9.4 and 5.4% improvement, 
respectively) feed efficiency compared to normal (non-carrier) lambs (Jackson and 
Green, 1993), and have 32.2% more total excised muscle mass (Jackson et al., 
1993a). The results of Jackson and Green (1993) were in agreement with the result 
of Jackson et al. (1997c) who found that callipyge lambs had 42% more excised 
muscle mass than normal half-sibling lambs. 
Jackson et al. (1997a) studied feed intake and feed conversion (gain/feed) in 
rams, ewes, and wethers of both callipyge and normal lambs. They found that 
callipyge rams (1.75 vs. 1.9 kg), ewes (1.45 vs. 1.68 kg) and wethers (1.67 vs. 
2.11 kg) consumed less feed per day than normal half-sibling. They also found that 
rams, ewes, and wethers expressing the callipyge gene had 9.73,4.85, and 18.24% 
more feed conversion (gain/feed), respectively than nomial. 
Several researchers (Ramondi, 1964; Nott and Rollins, 1973: Geay et al., 
1982) have reported more efficient gain for double-muscled cattle than normal cattle, 
although Arthur et al. (1990) reported that double-muscled cattle required more 
feed/unit of gain than normal cattle, whereas Henry and Sellier (1982) reported a 
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similarity between normal and doubled muscled breeds in feed conversion 
efficiency. Feed intake by homozygous double muscled cattle is reported to be 
lower than that of both heterozygous double-muscled and normal-muscled cattle 
(Holmes and Ashmore, 1972; Thiessen and Rollins, 1982). Also, Geay et al. (1982) 
reported that double-muscled cattle have a lower intake capacity than normal-
muscled cattle of the same breed. 
Tissues 
Many scientists have studied carcass compositions of bone, protein and fat in 
callipyge and normal lambs. Therefore, the differences between the callipyge and 
normal lambs are reviewed below. 
Bone 
Jackson et al (1997 b) reported that ram lambs expressing callipyge gene 
have lower (P < .006) percentage of bone (19.3 vs. 22.8%) than normal half-sibling 
rams. Also, Jackson et al. (1997c) found that callipyge and normal lambs had 
similar (72.9 vs. 73.8 cm) carcass length. 
Muscles 
The callipyge phenotype is manifested as a major effect on carcass 
composition (i.e., less fat and greater muscle mass) (Koohmaraie et al., 1995) with 
muscle weight was on the average 27.6% higher. These differences in muscle mass 
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were more in leg and back muscles, but not in shoulder muscles. Semitendinosus, 
longissimus muscles and gluteus muscles are hypertrophied in callipyge lambs 
(Jackson et al., 1993 a; Koohmaraie et al., 1995); whereas, supraspinatus is not 
hypertrophied (Koohmaraie et al., 1995). Protein percentages tend to be greater in 
all these muscles from callipyge lambs, although this was significant (P< .05) only in 
the muscles that were confirmed to hypertrophied like longissimus and 
semitendenosis muscles (Carpenter et al., 1996). 
Callipyge sheep appear to have different patterns of muscle distribution than 
normal sheep and double-muscled cattle. Hendricks et al. (1973), Hanset and 
Michaux (1985a, b, 1986), and Hanset et al. (1987,1989) reported that double 
muscling in cattle is controlled either by a single dominant-recessive gene or by 
multiple gene complex and increase muscle mass by approximately 20 percent. In 
contrast, Berg and Butterfield (1976) found out that in cattle, relative muscle weights 
were constant with sex and age. 
Jackson et al. (1993 a and b) found that callipyge lambs have about 32.2% 
more muscle mass than their half sibling does. Koohmaraie et al. (1995) found that 
muscle mass was on average 27.6% higher in callipyge compared to nonnal lambs. 
Koohmaraie et al. (1995) reported that all major leg and loin muscles of 
callipyge lambs, and one or more of the shoulder muscles, were heavier in callipyge 
than normal lambs. Jackson et al. (1993a) reported that the degree of expression of 
muscle hypertrophy is dependent upon the location of the muscle in the body. 
Muscle quality, as measured by color, firmness and texture, did not differ 
significantly between muscle phenotypes. However, more variation in muscle 
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texture was evident in lambs with callipyge muscle phenotype, compared to the 
normal muscles. 
Jackson et al. (1993a). Jackson et al. (1997c), and Koohmaraie et al. (1995) 
have studied the muscles that were affected by callipyge gene. Jackson et al. 
(1993a) and Koohmaraie et al. (1995) found that addactor, gluteus medius, psoas 
major, semimembranosus, longissimus dorsi, and semitedinosus muscles highly 
hypertrophied by callipyge gene. In contrast, Jackson et al. (1993a) found that 
biceps femoris was not affected by callipyge gene. This result was not in agreement 
with Koohmaraie et al. (1995) who found that biceps femoris was 42.1% larger in 
callipyge lambs than normal lambs. Also, Koohmaraie et al. (1995) and Jackson et 
al. (1997c) found that supraspinatus and infraspinatus muscles were not affected by 
the callipyge gene. 
Fat 
Consumers of lamb prefer large loin chops that have little external fat (Shelley 
et al., 1970; Robinson, 1989). Koohmaraie et al., (1995) reported that lambs 
expressing callipyge gene had less back fat thickness (4.5 vs. 6.3 mm) and adjusted 
fat thickness (4.4 vs. 6.3 mm) and lower marbling score (155.6 vs. 262.5) compared 
to normal lambs. Carpenter et al. (1996) found that fat concentration in the muscle 
was less in the hypertrophied muscles such as semitendinosus (5 vs. 5.8%), 
longissimus dorsi (3.1 vs. 5.9%), and gluteus medius (4.3 vs. 6.2%) muscles of 
callipyge lambs, but the significant effect was only in longissimus dorsi muscle, 
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compared to the other two muscles. This finding of lower fat concentrations in 
callipyge lambs appears to be due to less intramuscular fat. 
Jackson et al. (1997b) reported that the difference in total body fat between 
the two phenotypes was due mainly to a lesser amount of intramuscular, 
intermuscular and internal fat in the carcasses. In addition, external fat at 12^^ rib 
and kidney and pelvic fat was not affected by phenotype. Seam fat deposition in 
lambs expressing callipyge phenotype was reduced (P < 0.09). Jackson et al (1997 
b) reported that callipyge lambs have lower percentage of total carcass fat (18.4 vs. 
23.6%) and subcutaneous fat trim (7.4 vs. 9.6%) than normal lambs, and the 
differences were highly significant for both total carcass fat and subcutaneous fat 
trim (P < .004 and P < .008, respectively). 
Organs 
Jackson et al. (1997b) found no difference in organ and visceral weights for 
callipyge and normal lambs except that normal lambs had 11.4% more (P < .031) 
large Intestines than callipyge lambs. They found that callipyge and normal lambs 
had similar liver, lungs, and kidneys than normal lambs. These results was not in 
agreement with Koohmaraie et al. (1995) who found that callipyge had lighter liver, 
lungs, and kidneys compared to normal lambs. 
Callipyge phenotype does not affect some organs like heart, spleen, viscera, 
kidney-pelvic fat, head, and pelt (Koohmaraie et al., 1995). They also found that 
lambs expressing callipyge gene had lighter lungs, liver, and kidney (P < .01) 
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compared to normal lambs. Their results emphasize and reconfimn that callipyge 
phenotype is primarily manifested as less fat and greater muscle mass. 
Wool 
Wool production in callipyge lambs has not been studied widely. Jackson et 
al. (1997a) found that callipyge ewes had lighter weight and shorter stapled fleeces 
than normal half-sibling ewes. Fleece weight of callipyge ewes was 12.7% less than 
fleece weight of normal ewes. Staple length of callipyge ewes was 8.7% shorter 
than staple length of nomial ewes. This reduction in both fleece weight and staple 
length in callipyge ewes is likely due to the increased utilization of amino acids for 
muscle growth instead of wool growth. 
Metabolic differences between callipys  ^and normal lambs 
Several methods have been used to measure protein turnover in vivo 
(Garlick, 1980; Garlick and Clugston, 1981; Garlick and Fern, 1985; Reeds and 
Harris, 1981). The simple working model developed by Garlick, 1980, Garlick and 
Clugston, 1981, and Garlick and Fern, 1985 has been used extensively (Figure 2). 
In this model, normal inputs into the free amino acid pool are from dietary amino 
acids (I) and body protein breakdown (B). Nomial outputs from the free amino acid 
pool are to protein synthesis (S) or oxidation (E), which gives rise to end product 
CO2 and urinary nitrogen. 
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DIETARY AMINO ACIDS 
,| 
FREE 
AMINO 
ACID POOL 
SYNTHESIS (S) 
BREAKDOWN (B) 
BODY 
PROTEIN 
(E) 
[ 
OXIDATION 
] 
N-EXCRETION C02 
Figure 2. Simple model for whole-body protein metabolism. I = dietary amino acids, 
S = protein synthesis, B = protein breakdown, and E = oxidized amino acids. 
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Long time ago it was established that accumulation of muscle tissue depends 
on both the rate of protein synthesis and the rate of protein breakdown 
(Schoenheimer and Rittenberg, 1940). 
Synthesis and breakdown of protein occurs continually even when no muscle 
growth occurs or when animals are given protein-free diets. An increase in growth 
can result both from a fractional degradation rate (FDR) (i.e., if degradation is 
decreased) or from an increase in fractional synthesis rate (FSR) without a change 
in rate of breakdown. If the end result is net tissue gain, it will simply mean that FSR 
is larger than FDR. 
Protein synthesis 
Soltesz et al. (1973) determined muscle synthesis rates in newborn lambs 
and Arnal (1977) determined protein turnover in lambs during the first 16 weeks of 
life. Among others Arnal (1977) found that muscle protein synthesis declined from 
values as high as 24-35% per day In 1-week-old lambs to values as low as 3-4%per 
day in 16-week-old lambs. 
Koohmaraie et al. (1995) suggested that the higher DNA content and 
calpastatin activity in callipyge muscle may indicate increased protein synthesis and 
decreased protein degradation rates. However, protein turnover was directly studied 
recently in callipyge lambs (Lorenzen et al., 2000) using a labeled amino acid. They 
found that the muscles whose weight is increased by callipyge phenotype such as 
longissimus dorsi and biceps femoris had lower fractional protein synthesis rates 
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than those from normal muscles did. In contrast, they reported that callipyge liver 
had higher (P < .05) protein synthesis rates at 8-wk of age than in normal liver. 
Koohmaraie et al. (1995) found that callipyge longissimus muscle, which is 
highly hypertrophied by callipyge gene, had 11.7% more RNA concentration, 34.6% 
more DNA content, and 46.9% more RNA content than normal longissimus muscle. 
Also, they indicated that callipyge semitendinosus muscle had 12.9% more RNA 
concentration, 28.6% more DNA content, and 43.2% more RNA content than normal 
muscle. 
Carpenter et al. (1996) reported that hypertrophied muscles in callipyge 
lambs had similar protein:RNA and RNA:DNA ratios to non-hypertrophied muscles in 
normal lambs. Therefore, they concluded that muscle hypertrophy in callipyge 
lambs is due to protein accretion without changes in the translational or 
transcribtional activity. These results were not in agreement with Koohmaraie et al. 
(1995) who found that protein:DNA ratio was lower and RNA:DNA ratio was higher 
in callipyge hypertrophied muscles than normal muscles. 
There is some evidence that protein synthesis rates in rat skeletal muscles 
are quite sensitive to the level of protein in the diet (Millward et al., 1975; Garlick et 
al., 1975). Bryant and Smith, 1982, did not establish a clear relationship between 
dietary protein intake and protein synthesis. In cattle, dietary amino-acid supply and 
protein gain represent approximately 0.31 and 0.06 of the rate of protein synthesis 
and degradation, respectively, in animals consuming more than maintenance energy 
(Lobely et al., 1987). 
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Protein breakdown 
3-methylhistidine (3MH) is released from muscle and excreted Into the urine 
during muscle proteolysis of muscle proteins. Therefore, measuring 3MH in the 
urine is the most widely used model to estimate muscle protein breakdown in living 
animals. 3MH does not have a specific tRNA, therefore it does not used for protein 
synthesis (Young et al., 1972). 
One 3MH molecule is contained in the primary sequence of actin and fast 
twitch myosin of skeletal muscle fibers. Unlike other amino acids, which are used for 
protein synthesis, 3MH has the unique characteristic of being released in free form 
and excreted qualitatively in the urine of man, rat, cattle and rabbits (Young et al., 
1972,1973; Harris et al., 1977; Harris and Milne, 1981a; Rathmacher et al., 1993). 
Sheep (Harris and Milne, 1980) have a quite different 3MH metabolism. 
According to them, a portion of 3MH is retained in muscle as dipeptide of 3MH and 
^-alanine (balanine). Thus, urinary 3MH cannot be used to estimate muscle protein 
breakdown in sheep because that 3MH production from muscle will not be equal to 
urinary 3MH production. An altemative method that uses a compartmental model 
has been used successfully used to estimate 3MH release in lambs (Rathmacher et 
al., 1993). This methodology is dependent on the disappearance of a tracer from 
plasma and has been validated in cattle (Rathmacher et al., 1992) that quantitatively 
excrete 3MH in urine. 
Rathmacher et al. (1993) found that the decay of 3MH can be 
compartmentally modeled and seems to be reflective of 3MH release in vivo. It is 
also based on the fact that it had been demonstrated that only a smaller percent of 
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3MH, in sheep, released from actin and myosin, is excreted in urine, with the 
remaining majority retained as balanine in muscle. 
Rathmacher et a!., (1993) reported the advantages of this compartmental 
model include: "1) it doesn't require quantitative urine collection, 2) it measures the 
total production rate and is not dependent on the determination of free or conjugated 
form, 3) it gives infomiation about production size and transfer rate, 4) it does not 
require restraining the animal for long periods of time, and 5) it reduces error due to 
the frequency of plasma sampling vs. the infrequency of urine collection in other 
models". 
To describe this compartments model and to determine whether de novo 
production rate of tracer could be established, a typical disappearance pattern of ds-
3MH was well documented in quite a number of experiments (Rathmacher et al., 
1993). They reported an initial rapid disappearance of intravenously injected da-
3MH and its gradual decrease for four consecutive days. The stable isotope, 
however, appeared both in the urine and muscle. In three experiments, they 
reconfirmed that the plasma decay cun^e of 3MH excretion already reported by 
others, which is the excretion of 15% of 3MH in the urine as free 3MH. 
Lorenzen et a!., (2000) estimated the protein breakdown rates in different 
muscles and organs, and they found that the muscles whose weight is increased by 
callipyge phenotype such as longissimus dorsi and biceps femoris had lower 
fractional protein breakdown rates than those from nomnal muscles. In liver, they 
reported that callipyge liver had higher (P < .05) protein degradation rates at 8-wk of 
age than in normal liver. They suggested that the mechanism of callipyge gene on 
the muscle hypertrophy be due to reducing the protein degradation rate instead of 
increasing protein synthesis rate. 
Koohmaraie et al. (1995) indicated that callipyge and normal lambs had 
similar p-calpain at death, but callipyge lambs had 45.4% more m-calpain activity 
and 82.8% more calpastatin activity than normal lambs, which is an inhibitor of p-
calpain and m-calpain. Therefore, callipyge lambs had lower rate of postmortem 
proteolysis and tenderness. Also, Koohmaraie et al. (1995) indicated that 
calpastatin activity of callipyge meat was Increased after 7 (2.2 vs. 1.2) and 21 (.9 
vs. 1.9) d of postmortem storage than normal lambs. 
Duckett et al. (1998a) found that calpastatin activity at day 0 (fresh meat) of 
longissimus muscle was higher in callipyge than normal. They reported that there 
was no effect on reducing calpastatin activity by freezing in liquid nitrogen before 
storage at -20°C. They found that calpastatin activity and Warner-Bratzler shear 
force in callipyge decreased by 44% by freezing callipyge chops for 42 d and then 
aging for 14 d compared to d 0. They indicated that freezing callipyge chops for 8, 
20, or 42 had similar calpastatin activity to fresh nomnal chops, but shear force 
values were similar in fresh normal lambs and frozen callipyge lambs for 8,20, or 42 
d before aging. 
Energy metabolism 
Chowdhury et al. (1997) studied the effect of body fat content on protein 
metabolism of energy restricted sheep, and reported that all animals attained a 
positive nitrogen balance when they were in negative energy balances. Nitrogen 
23 
balance was not affected by body fatness to the magnitude expected, although lean 
animals utilized increasing level of standard volatile fatty acids. Endogenous energy 
was utilized for protein accretion with an efficiency of 0.56 (Chowdhury et al., 1997). 
It has also been shown, using intragastrically nourished sheep, that infusion 
of volatile fatty acids to provide additional exogenous energy (250 kj/kg metabolic 
body weight, daily, had little effect on nitrogen balance when protein was 
infused in progressively increasing amounts (Chowdhury et al., 1997). 
Callipyge induced hypertrophy is accompanied not only with large changes in 
the composition of the muscle (i. e., increased protein and decreased muscular fat 
content or marbling), but also changes in the basic muscle physiology and 
biochemistry (i. e., the way the muscle produces and uses energy, how fast the 
muscles can contract and related processes) (Carpenters, 1994). 
Jackson et al. (1997b) concluded that callipyge lambs may have utilized 
energy for protein accretion instead of fat, which led to the explanation of superior 
feed efficiency in callipyge lambs. 
Meat differences between callipyge and normal lambs 
The economic benefits of callipyge-induced muscle hypertrophy include 
increased size of the valuable muscle and better feed efficiency (Carpenter, 1994). 
However, a negative aspect associated with callipyge meat, is that the callipyge 
meat is often unacceptably tough. This is, of course, a very serious concem since 
tenderness is an important quality attribute of cooked meat. 
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^-adrenergic hypertrophied muscle also shows an increased resistance to 
postmortem muscle degradation (catabolism) due to changes in the 
calpain/calpastatin complex. These two characteristics combined are thought to be 
the cause of increased toughness of hypertrophied meat. Lamb muscle 
hypertrophied by the use of ^-adrenergic agonists also showed an increase in 
RNAiDNA ratio (Pringle et al., 1993) which, in turn, is associated with increased 
protein synthetic capabilities (anabolism). It is noteworthy to mention here that aging 
meat can increase tenderness due to muscle fiber fragmentation, largely as a result 
of protein degradation. 
Jackson et al. (1997c) found that callipyge lambs have heavier cold and hot 
carcass weights, along with total excisable major muscles. They also reported 
(Jackson et al., 1997b) that longissimus dorsi muscle area was larger and marbling 
was finer texture with a bright cherry red color. 
There was 5 to 8% increase in dressing percentage in all callipyge individuals 
(Snowder et al., 1994b and c), with increased longissimus dorsi area. Callipyge 
gene, thus, can potentially improve carcasses by decreasing fat content and improve 
the size of primal retail cuts. 
Several studies have been performed to increase tenderness of meat from 
callipyge and nomnal lambs (Clare et al., 1997; Carpenter et al., 1996 and 1997; 
Field et al., 1996). Some of these studies were conducted to evaluate methods to 
improve the callipyge meat tenderness, these included electrical stimulation 
(Carpenter et al., 1997), calcium chloride injection (Clare et al., 1997; Carpenter et 
al., 1997), and freezing prior aging (Duckett et al., 1998 a, b). 
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Carpenter at al. (1997) found that tenderness of chops from lambs expressing 
callipyge gene can be improved by post-slaughter electrical stimulation or calcium 
chloride injection, but the improvement level did not reach the tenderness of chops 
from normal lambs. 
Clare et al. (1997) reported that initial and sustained tenderness scores were 
higher (P < .05) for normal meat than callipyge meat. They found that injection of 
200 mM CaCIa solution improved sensory palatability of initial and sustained 
tenderness compared to control (non-injected) of callipyge meat. Also, they found 
the same trend in the case of normal meat when treated with calcium chloride. They 
found no significant differences in tenderness between muscles (leg, loin, and 
shoulder) within the normal phenotype, but within callipyge the loin chops were lower 
in tenderness than leg and shoulder chops. Callipyge meat had less juiciness, 
tenderness, and flavor in leg, loin, and shoulder chops compared to normal meat 
(Clare et al., 1997). 
Clare et al. (1997) found that Warner Bratzler Shear (WBS) force values were 
similar (3.0 vs. 2.81 kg, respectively) for callipyge and normal lambs, but treatment 
of the musc!'^  with 200 mMCaClz decreased (P < .05) WBS force values in both 
callipyge and nomrial phenotype lambs. Koohmaraie et al. (1988,1992, and 1994) 
obsen/ed that proteolysis of the myofibril appears to increase fragmentation of 
myofibrils and decrease shear force during postmortem storage. Therefore, these 
findings associated with minimum changes in callipyge lambs, which leads to higher 
shear force values even after 21 d of postmortem storage (Koohmaraie et al., 1995). 
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Duckett et al. (1998a) studied the effect of freezing callipyge and normal 
chops at -20°C for different time and freezing the chops in liquid nitrogen and 
storing at -20°C for different times. They found that freezing callipyge longissimus 
chops increased the sensory panel tenderness score from 4.3 in fresh chops to 6.6 
for 42 d freezing before aging. They also reported that freezing before aging 
increased tenderness without an effect in juiciness of the muscle. 
Duckett et al. (1998b) investigated the effect of postmortem aging time with or 
without CaCl2 and freezing of longissimus muscles in tenderness. They found that 
callipyge had tougher longissimus muscle than normal at all postmortem aging time 
and after CaClg marination (1,1 d CaClg marination, 3,6,12, and 24 d). They found 
that freezing of callipyge longissimus muscle prior to aging accelerates postmortem 
tenderization, but CaCIa marination did not increase tenderness of callipyge 
longissimus muscle to the level of normal muscle. 
Rawlings et al. (1994) presented cooked lamb meat from callipyge animals 
and normal animals (half-sibling) to 35 panelists. Mean tenderness scores of loin 
from callipyge lambs were significantly lower than the scores of loin from half-
siblings (4.9 and 6.5, respectively from hedonic scale of 10). 
Koohmaraie et al. (1995), however, added a note of caution regarding lack of 
tenderness and stated that the callipyge lambs may be unacceptable to consumers 
and thus offset or negate all these benefits of increased lean meat yield. 
Koohmaraie et al. (1995) reported that callipyge gene can deliver 4.5% increase in 
dressing percentage, 33.8% increase in longissimus area, 27.6% increase in total 
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muscle weight, 4.4% increase in hot carcass weight, 40.7% decrease in marbling 
score, and 29.4% decrease in actual fat thickness. 
Carpenter et al. (1997) had conducted a consumer acceptance study to 
compare CLPG and nomnal loin chops. They used low voltage electrical stimulation, 
aging and calcium injection to improve quality and palatability (tenderness). They 
found that aging callipyge lamb meat for 8,15, or 21 days decreased shear force to 
below 5 kg, but not as low as for nomnal lambs aged for the same length of time. 
Electric stimulation decreased the shear force of callipyge lambs meat and the 
combination of electric stimulation, aging and calcium chloride infusion for 15 days 
reduced the sheer force to 3.16 kg, which was very similar to the values of normal 
lamb, which ranged from 2.5 - 3 kg. Sensory panel analysis indicated that sensory 
scores for 15-d aged electric stimulation and calcium chloride injection of callipyge 
chops resulted in acceptable scores (6.3, 6.5, and 6.3, respectively) for texture, 
flavor and juiciness scores of a scale where 1=dislike extremely, 5= neither like nor 
dislike, and 9= like extremely, but not as desirable as for normal lamb chops. 
More specifically the cause of toughness in callipyge loin chops may be due 
to the higher level of calpastatin found in the callipyge longissimus muscle 
(Koohmaraie et al., 1995; Clare et al., 1997). 
Jackson et al. (1993b) found that there were no significant differences 
between muscle hypertrophy lambs (CLPG) and their half-sibling (not CLPG) in live 
weight (P < 0.4), while hot carcass weight (P < 0.001), cold carcass weight (P < 
0.0001) and dressing percentage (P < 0.0005) were all higher for lambs exhibiting 
the CLPG phenomenon. Jackson et al. (1993b) found that meat from lambs 
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expressing callipyge gene was not significantly different from normal lambs in color, 
texture and firmness of carcass. 
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CHAPTER 3. MATERIALS AND METHODS 
Animals and diets 
The protocol of the care and use of animal in research was approved by 
Laboratory Animal Resources at Iowa State University. Twelve white-faced 
crossbred wether lambs (6 callipyge lambs and 6 normal lambs) were used in this 
experiment. Lambs were 4.5 ± 0.5 months of age, and the live weight of the lambs 
was 36.7 ± 1.6 kg. Lambs were housed in individual pens (each pen measuring 1 m 
X1.5 m). Pens were made of metal covered by plastic. Each pen contained one 
feeder and a nipple water fountain. Every two pens were set next to each other. All 
pens were raised 20 cm from the floor to keep pens clean and dry. The lambs were 
identified as normal or callipyge based on visual appearance by two experienced 
appraisers of the callipyge phenotype. The lambs were transferred to the pens 
seven days before the initiation of the experiment for adaptation to pens and the 
experimental diets. The two groups of lambs (callipyge and normal lambs) were 
compared within three different energy and/or protein levels (Table 1). 
The diets were fed in a 3 x 3 Latin square arrangement of three diets and 
three feeding periods. One callipyge and one normal were paired to receive same 
diet. Each diet was fed for 3 weeks, with the third week of each feeding period being 
used for nitrogen balance (NB) and protein tumover study (collection period) (Figure 
3 and 4). When the first period was completed, lambs were switched to a new diet 
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Table 1. Ingredients and chemical composition of the diets, as percent in 
mixture. 
Diet 
Item HEHP® HELP® LEHP® 
Ingredient composition 
Alfalfa, pelleted 2.8 2.84 35.05 
Corn 68.23 84.76 -
Soybean meal 21.25 3.98 18.41 
Corn cobs - - 40.99 
Molasses 1.96 1.99 3.56 
Fat 2.8 2.84 -
Limestone 1.68 1.82 0.15 
Dicalcium phosphate 0.17 0.43 0.89 
Potassium chloride 0.28 0.63 -
Salt 0.42 0.28 0.5 
Vitamin Premix 0.42 0.43 0.45 
Calculated chemical 
composition, % as DM basis ^ 
TON 86.1 85.3 58.9 
Crude protein 15.75 9.5 15.75 
Crude protein (chemical)^ 15.5 9.5 14.12 
Calcium 0.81 0.87 0.87 
Phosphorous 0.43 0.42 0.41 
Magnesium 0.2 0.18 0.22 
Potassium 1.1 1.0 1.5 
ME Mcal/kg DM 3.1 3.1 2.1 
® HEHP= High energy and high protein diet, HELP= high energy and low protein diet, 
and LEHP= low energy and high protein diet. 
^ Calculated from NRC. 
'^ Calculated in the lab. 
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Figure 3. Schematic of treatment period for each diet period. 
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Figure 4. Schematic of the experimental protocol for each period of 21 days. 
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until each lamb had the three experimental diets (Table 2 and Figure 4). All lambs 
were weighed on the first day, at d 14, at d 20, and last day of each feeding and 
collection period. 
The lambs were fed ad libitum twice daily starting at 0800 and 1800 and had 
free access to the nipple water fountain. Feed consumption was calculated by 
subtracting the feed and container weights at the end of each feeding and collection 
period (at d 14 and 21, respectively) from the feed and container weights at the 
beginning of each period. Feed efficiency was calculated weekly and for the whole 
period of the experiment for each group. 
Feed 
All feed ingredients were supplied and mixed at the Beef Nutrition Farm at 
Iowa State University. A sample from each mixed diet (Table 1) was taken for 
analysis of dry matter (DM) and crude protein (CP). The three experimental diets, 
which were measured for crude protein and calculated for metabolizable energy 
from NRC feed library, are: 
HEHP: high energy and protein diet which contained 3.1 Meal ME/kg and 
15.5% CP on a dry matter basis. 
HELP; high energy and low protein diet which contained 3.1 Meal ME/kg and 
9.5% CP on a dry matter basis. 
LEHP; low energy and high protein diet which contained 2.1 Meal ME/kg and 
14.1% CP on a dry matter basis. 
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Table 2. The experimental protocol for all periods and diets. 
Period Order 
Block Genotype Animal HEHP^ HELP® LEHP® 
1 Callipyge 1 1 2 3 
2 2 3 1 
3 3 1 2 
Normal 4 1 2 3 
5 2 3 1 
6 3 1 2 
2 Callipyge 7 3 2 1 
8 2 1 3 
9 1 3 2 
Normal 10 3 2 1 
11 2 1 3 
12 1 3 2 
®HEHP= High Energy and High Protein Diet, HELP= High Energy and Low 
Protein Diet, and LEHP= Low Energy and High Protein Diet. 
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Nitrogen balance 
On d 14 of each period, the lambs were transferred to individual stainless 
steel metabolism crates for NB determination (Figure 3). Metabolism cages were 
set in the room next to each other. The sides were adjusted to prevent the animal 
from turning around. Each metabolism crate contained one feeder and a nipple 
water fountain, in addition to a screened tray to hold feces while allowing the urine to 
flow into collection container underneath each metabolism cages. Collection periods 
during NB determent lasted for 5 d from 0700 AM d 15 to 0700 AM d 20. Average 
daily NB was estimated by the following formula: 
NB (g/d) = Nl - (FN + UN), 
where Nl = nitrogen intake, FN = fecal nitrogen, and UN = urinary nitrogen. 
Feed for each lamb for each period was weighed into an individual container. 
Feed intake for each lamb was determined at the end of each period by subtracting 
the refusal feed and container weight at the end of each period from the feed and 
container weight at the beginning of each period. During the 5 d of collection period, 
consecutive twenty four hours total urine output was collected in 8 ml of 50% sulfuric 
acid to avoid nitrogen (N) losses due to volatilization of the ammonia (NH3) and to 
prevent microbial growth. A 10% aliquot of the daily urine collected was taken and 
frozen at -20°C for N analysis. Feces were collected and weighed daily and 10% 
aliquot of feces excretion was taken and frozen at -20°C for N and DM analysis. 
Feed samples were also collected for each diet. Feed refusals were collected daily, 
weighed, and nitrogen was analyzed to calculate feed intake and Nl. 
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Dry matter in feed samples and fecal samples was detemiined by drying at 
55°C for 48 hrs. Feed and fecal samples were ground through 2-mm screen. Total 
N contents of feed, urine, and feces were measured by the Kjeldahl procedure 
(AOAC, 1985) to calculate nitrogen balance. 
Creatinine excretion was determined in urine samples during 5-day collection 
period according to Heinegard and Tiderstrom, (1973) by a colorimetric assay kit 
(Sigma, St. Louis, MO) using (Spectrometer Model Stasar II, Gilford 2600) and the 
following equation: 
Initial A Test - Final A Test 
Creatinine (mg/dL)= X 3 X 10. 
Initial A Standard - Final A Standard 
Where initial A := absorbance of test and standard vs. blank as reference at or near 
500 nm, final A = absorbance of test and standard vs. blank as reference at same 
wavelength used for initial absorbance, 3 = the creatinine concentration (mg/dL) in 
creatinine standard, and 10 = the convert the urine sample (.1 ml) to ml. Total 
creatinine excretion was calculated by multiplying creatinine concentration (g/L) by 
total urine excretion (L) during the 5-day collection period. Daily creatinine 
excretion for each lamb was calculated by dividing total creatinine excretion by 5, 
which is the collection period for urine. 
Protein turnover 
Figure 5 describes the simple 3-compartmental model of 3MH metabolism. 
Plasma data were entered into compartment 1, which connected in a series with 
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D3-3MH DE NOVO 
Figure 5. Schematic of a 3-compartment model used to analyze the kinetics of 
distribution, metabolism, and de novo production of 3-methylhistidine (3MH). Mi, M2 
,and M3 represent the mass of 3MH in compartments 1,2, and 3,respectively. 
L(2,1), L(1,2), L(0,1), L(3,2), L(2,3), and L(0,3) are fractional transfer rate coefficients 
of 3MH within the system. The tracer, 3-[ Ha-methylJ-methylhistidine (D3-3MH), was 
injected into compartment 1. Sampling was performed from compartment 1. De 
novo production of 3MH was into compartment 2. 
Urine Out 
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compartments 2 and 3, and there was one exit out of the system from compartment 
1. 
On the morning at d 14 of each period, an indwelling catheter was placed Into 
the external jugular vein to facilitate tracer injection and withdrawal of blood samples 
from each lamb. 
At d 14 of each period, the lambs were transferred to stainless steel metabolic 
crates for urine, blood, and muscle sample collection and tracer injection. On the 
morning of d 15 a bolus dose of 3-methyl-[methyl-^H3]-hlstidine (da-SMH), 
approximately 0.31 mg/kg in 10 ml of sterile saline (8 g NaCI/l), was injected via 
jugular catheter and flushed with saline (Figure 3). O3-3MH was purchased from 
Mass Trace, Woburn, MA. Blood samples (7 ml) were taken at baseline (0), 2, 5, 
15, 30, 60,180, 360, 720,1440, 2160, 2880, and 4320 min post injection via the 
jugular catheter and transferred to EDTA-coated tubes. Blood was placed directly 
in an ice bath until it could be centrifuged. Blood samples were centrifuged at 1500 
X g for 15 min at 5°C then plasma was collected and stored at -20°C. Plasma 
enrichment of 3MH was determined by Gas Chromatography / Mass Spectrometry 
as described by (Rathmacher et al., 1993). The time-course for decrease in plasma 
enrichment was fit to a 3-pool model using the Simulation Analysis and Modeling 
(SAAM) computer-modeling program as described by (Rathmacher et al., 1993). 
Calculations 
The de novo production rate of 3MH can be used to calculate a fractional 
breakdown rate (FBR) for the myofibrillar proteins. The breakdown rate was 
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calculated by the following equation: FBR = 3MH release rate divided by the total 
protein bound 3MH pool. To calculate the total protein bound 3MH pool for normal 
lambs, it was assumed that the percentage of muscle on a live weight basis was 
equal to 35% and the concentration of protein bound 3MH was equal to 0.6 pmol/g 
of muscle (Harris and Milne, 1980). Koohmaraie et al. (1995) reported that callipyge 
lambs had 27.6% more muscle mass than normal. Therefore, to calculate the total 
protein bound 3MH pool for callipyge lambs, it was assumed that the percentage of 
muscle on a live weight basis was equal to 44.66%, and the concentration of protein 
bound 3MIH was equal to .6 pmoi/g of muscle. Muscle protein breakdown (MPB) 
was calculated by dividing daily pmol 3MH by 3.5106 pmol 3MH/g of muscle protein 
(Harris and Milne, 1980). 
Net protein synthesis was indirectly calculated. Net protein synthesis based 
on ADQ was calculated by multiplying ADG by the percentage of muscle on a live 
weight basis which was assumed to equal 35% for normal lambs and 44.66% for 
callipyge lambs and then by protein percent in muscle, which assumed to be equal 
to 25%. Protein accretion (PA) was calculated according to Millward et al. (1975) by 
the following equation: PA = Protein synthesis - protein degradation. 
Total protein synthesis (TPS) based on ADG was calculated by the following 
equation: TPS = NPS + MPB, were NPS = net protein synthesis and MPB = muscle 
protein breakdown. 
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Statistical analysis 
Data were analyzed using the QLM procedure (SAS, 1988) (see Appendix C 
for more details). The least square means are reported. The effect of genotype, 
diet, and genotype x diet interaction were analyzed by Latin Square in Split-Plot 
ANOVA and treatment means were compared by f-test. Comparison of diet and 
genotype has accomplished by contrast (HEHP vs. HELP and LEHP, HELP vs. 
LEHP, HEHP vs. HELP and LEHP in genotype, and HELP vs. LEHP in genotype). 
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CHAPTER 4. RESULTS AND DISCUSSION 
Callipyge and normal lambs were obtained from the same herd from the Iowa 
State University, McNay Farm, Chariton, lA. In this farm, normal ewes were mated 
to Dorset crossed heterozygous callipyge rams to obtain lambs expressing callipyge 
gene. At weaning, lambs were evaluated for muscle expression indicative of 
callipyge or nonmal by visual selection. Before the experiment started, lambs were 
sheared to maximize the visual classification by two experienced appraisers of the 
callipyge phenotype. 
Average daily feed intake 
Average daily feed intake (ADFI) of callipyge and normal lambs fed HEHP, 
HELP, and LEHP diets at d 14,21, and during nitrogen balance trial are shown in 
Table 3. There were significant differences between the means of ADFI of the two 
genotypes on d 14 and 21 (Table 3; P < .023 and P < .039, respectively). Callipyge 
lambs consumed less feed than normal lambs from d 0 to 14 (1.01 vs. 1.13 kg/d) 
and from d 0 to 21 (.99 vs. 1.09 kg/d), but callipyge lambs had similar ADFI to 
normal lambs during NB period (d 15 to d 20). Lambs fed HEHP diets consumed 
more feed at d 14 than lambs fed HELP and LEHP diets. There were no significant 
differences in ADFI when lambs were fed any of the experimental diets at d 21 and 
during NB period. These results are similar to Jackson et al. (1997a) who found that 
lambs expressing callipyge muscle phenotype consumed less feed per day than 
Table 3. Least square means of daily feed intake, average daily gain, and feed efficiency at d 14 and 21 of the 
experimental period in callipyge and normal lambs fed high energy-high protein, high energy-low protein, or low 
energy-high protein diets. 
Genotype (G) Diet (D) P-value 
Item Callipyge Normal SEM HEHP® HELP® LEHP® SEM G D G x D  
n 18 18 12 12 12 
Initial Weight, kg 36.26 37.06 0.6 35.83 36.80 37.33 0.73 .361 .259 .878 
Weight at d 14, kg 39.78 40.88 0.6 40.68 39.68 40.63 0.72 .208 .448 .608 
Weight at d 21, kg 40.05 40.96 0.66 41.06 40.34 40.10 0.8 .343 .441 .776 
Daily Feed Intake at d 0 - 14, kg 1.01 1.13 0.04 1.18" 1.02^^ 1.02'' 0.04 .023 .027 .166 
Daily Feed Intake at d 0 - 21, kg 0.99 1.09 0.03 1.12'^  1.00*= 1.01*^ 0.04 .039 .064 .355 
Daily Feed Intake at d 15 - 20, kg 1.09 1.11 0.04 1.09 1.06 1.15 0.05 .682 .559 .695 
Ave. Daily Gain at d 0 -14, kg 0.26 0.27 0.02 0.35" 0.22" 0.23'= 0.02 .518 .062 .100 
Ave. Daily Gain at d 0 - 21, kg 0.19 0.19 0.02 0.25" 0.18'^  0.13^^ 0.02 .982 .025 .657 
Ave. Daily Gain at d 15 - 20, kg 0.04 0.00 0.03 0.08" 0.09" -0.11'' 0.04 .397 .021 .293 
Feed/Gain at d 0 -14, kg 4.57 6.18 0.83 3.51 5.69 6.92 1.02 .195 .302 .117 
Feed/Gain at d 0 - 21, kg 6.36 9.49 1.5 4.68 6.33 12.77 1.82 .159 .118 .111 
®HEHP, high energy-high protein diet (3.1 Meal ME/kg and 15.75% CP on DM basis); HELP, high energy-low protein 
diet (3.1 Meal ME/kg and 9.5% CP on DM basis); LEHP, low energy-high protein diet (2.1 Meal ME/kg and 15.75% 
CP on DM basis). 
Within a diet row, means not bearing a common superscription letter differ (P< .05). 
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normal half-sibling lambs. There were no diet effects on ADFI at d 21 and during NB 
of the experiment. The means of ADFI were not affected by diet x genotype 
interactions (Table 3). 
Body weight 
The mean body weights of lambs across all diets on d 14 and 21 were similar 
(Table 3). The diet, genotype, and interaction between diet and genotype was non­
significant for lamb body weights at d 14 and 21. These observations agreed with 
the results of other researchers (Koohmaraie et al., 1995; Jackson et al., 1993b; 
Jackson et al., 1997b,c) who found that there were no significant differences in 
slaughter live weights between callipyge and normal lambs at the same slaughter 
age. 
Average daily gain 
The ADG of callipyge and nomial lambs at d 14,21, and during NB trial are 
shown In (Table 3). 
Average daily gain was not affected by genotype across each inten/al-
measured period (d 14, d 21, and during NB experiment) of the experiment (Table 
3). These data are similar to the earlier studies (Jackson et al., 1997a; Snowder et 
al., 1994a and c; Jackson et al., 1993a,b) that found that there were no callipyge 
gene effect on growth rate. Lambs fed with HEHP diets showed the higher growth 
rate at d 21 than lambs fed either HELP or LEHP diets. During NB period (d 15 to 
20), lambs fed HEHP and HELP diets had similar ADG and were both higher than 
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those fed LEHP diets, which had a negative ADG (Table 3). At d 14, lambs showed 
no significant differences in ADG across all experimental diets. 
Feed efficiency 
Feed efficiencies (feed/gain) at d 14 and d 21 of feeding period are shown in 
Table 3. There were no significant differences between callipyge and normal lambs 
for feed efficiency on d 14 or 21. Although feed efficiency was 25% lower in 
callipyge lambs than normal lambs, the differences were not significant. Jackson et 
al., (1997a) indicated that callipyge lambs have superior feed efficiency compared to 
normal half-sibling, and Snowder et a!., (1994a) found that callipyge gene improved 
feed efficiency. Also, diets and genotype x diet Interactions on d 14 and d 21 did not 
affect feed efficiencies (FE). 
Nitrogen excretion 
Nitrogen intake (Nl) during 5-day collection period (d 15 to 20) along with 
other nitrogen parameters such as nitrogen balance (NB), fecal nitrogen (FN), and 
urinary nitrogen (UN) is shown in Table 4. 
The means of urinary nitrogen for the two genotypes were significantly (P < 
.030) different (Table 4). Urinary nitrogen was higher for lambs fed HEHP diets 
compared with those fed HELP diets, while those fed LEHP diets excreted more 
urinary nitrogen (Table 4). When lambs from both genotypes were fed LEHP diets, 
they excreted higher urinary nitrogen than those fed HEHP and HELP diets, and the 
differences were significant (Appendix B, Table B2). 
Table 4. Least Square means of 5-day nitrogen balance period collected from d 15 to 21 of each experimental period, 
(Nitrogen Intake, Nitrogen Balance, Fecal Nitrogen, and Urinary Nitrogen) in callipyge and normal lambs fed high 
energy-high protein, high energy-low protein, or low energy-high protein diets. 
Genotype (G) Diet (D) P-value 
Item Callipyge Normal SEM HEHP® HELP® LEHP® SEM G D G x D  
n 18 18 12 12 12 
Nitrogen Intake, g/d 23.33 23.87 0.69 25.12*' 14.98'= 30.71'' 1.18 .698 .001 .760 
Urine Nitrogen, g/d 13.35 15.28 0.57 15.08" 6.29'= 21.57'^  0.7 .030 .001 .311 
Fecal Nitrogen, g/d 6.96 7.15 0.28 5.61'' 5.12" 10.35'= 0.34 .633 .001 .233 
Nitrogen Balance, g/d 3.02 1.44 0.94 4.43'' 3.48" -1.21'= 1.15 .252 .017 .415 
Nitrogen Excretion, g/d 20.31 22.43 0.72 20.7'' 11.5'= 31.91'^  0.88 .054 .001 .739 
Nitrogen Absorption, g/d 16.39 16.72 0.89 19.51" 9.76'= 20.34" 1.1 .785 .001 .736 
Net Protein Utilization, % 15.4 8.5 0.06 16.8" 26.4" 
O 1 0.07 .421 .005 .524 
^HEHP, high energy-high protein diet (3.1 Meal ME/kg and 15.75% CP on DM basis); HELP, high energy-low protein 
diet (3.1 Meal ME/kg and 9.5% CP on DM basis); LEHP, low energy-high protein diet (2.1 Meal ME/kg and 15.75% 
CP on DM basis). 
Within a diet row, means not bearing a common superscription letter differ (P< .05). 
45 
Data in Table 4 showed no genotype nor diet x genotype main effects 
affected fecal nitrogen. Callipyge and normal lambs fed LEHP diet excreted far 
greater fecal nitrogen, almost twice than the other two diets, while fecal nitrogen was 
similar in callipyge and normal lambs fed HEHP and HELP diets (Appendix B, Table 
B2). 
Total nitrogen excretions were similar (P < .054) in both genotypes. Large 
variations in the total daily nitrogen excretion between lambs precluded any 
statistical differences. Also, there were no significant differences in fecal nitrogen 
when HEHP and HELP diets were fed, in contrast there were highly significant 
differences in the means of fecal nitrogen when HEHP and LEHP diets (P <0.001) 
and HELP and LEHP diets (P <0.001) were fed. Fecal nitrogen excretion pattern 
was similar in callipyge and normal lambs across all experimental diets. 
Nitrogen balance 
There was no significant difference between callipyge and normal genotypes 
in NB (3.02 vs. 1.44 g/d, respectively) (P< .25) (Table 4). 
There was a diet effect on all nitrogen balance parameters (i. e. Nl, FN, UN, 
and NB), but the genotype effect was not significant on any nitrogen parameters 
except for urinary nitrogen (P < .03) which was higher in normal lambs compared to 
callipyge lambs. 
Callipyge lambs fed HEHP diet had the highest nitrogen balance compared to 
HELP and LEHP (6.3,4.3, and -1.5 g/d, respectively; Figure 6). In case of normal 
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Figure 6. Nitrogen balance (NB), g/d, of callipyge and normal lambs fed high energy 
and high protein diet (HEHP), high energy and low protein diet (HELP), or low 
energy and high protein diet (LEHP). SEM = 3.98. 
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genotype, lambs fed HEHP and HELP diets gave a very close results (2.5 vs. 2.6 
g/d), while LEHP diet gave a negative NB (-0.87 g/d) (Figure 6). 
Callipyge lambs retained more nitrogen when fed HEHP and HELP diets and 
lower NB when fed LEHP diets compared to normal lambs. This suggests that 
callipyge lambs need more energy for growth than normal lambs, and that callipyge 
lambs are more sensitive to lower energy levels than normal lambs although this 
difference was not significant in genotype X diet interaction. 
The genotype x diet interaction effect was not significant in any of the nitrogen 
parameters (Table 4). Nitrogen absorption was similar in callipyge and normal 
lambs (16.39 vs. 16.72 g/d, respectively). Across all diets, lambs fed HEHP and 
LEHP diets had higher (P < .001) nitrogen absorption compared to those lambs fed 
HELP diets (Table 4). Although net protein utilization was 81% higher in callipyge 
lambs, this differences was not significant (P < .52) between the two genotypes. 
Muscle protein breakdown 
3-methyl-[methyl-^H3]-histidine (d3-3MH) disappeared from the plasma was 
similar to that described by Rathmacher et al. (1993) (Appendix A, Figure A12). 
Using these decay cun/es, the production of 3-methylhistidine (3MH) was estimated. 
Callipyge lambs had greater 3MH release than normal lambs (P < .005) (Table 5). 
There was a diet effect on 3MH (P < .03). Lambs fed HELP diet released 51 % and 
63% more 3MH compared to lambs fed HEHP or LEHP diets, respectively. 
Muscle protein breakdown rate was 57% higher for callipyge lambs than 
normal lambs (Table 5). This result is not in agreement with Lorenzen et al. (2000) 
Table 5. Least Square Means of creatinine excretion and muscle protein breakdown collected from d 15 to 21 of each 
experimental period in callipyge and normal lambs fed high energy-high protein, high energy-low protein, or low 
energy-high protein diets. 
Genotype (G) Diet (D) P-value 
Item Callipyge Normal SEM HEHP'' HELP'' LEHP*" SEM G D G x D  
3-methylhistidine release, 
|jmol/kg/d 
Muscle protein breakdown, g/d" 
12.44 
140.3 
7.72 
89.2 
0.99 
11.5 
8.8® 
101.1® 
13.29' 
148.3' 
8.15® 
94.8® 
1.22 
14.3 
.005 
.008 
.030 
.025 
.628 
.668 
Fractional breakdown rate 
(FBR), %/d'' 
Estimated total muscle mass, 
kg'' 
Creatinine concentration, g/l 
4.6 
2.805 
3.8 
2.070 
0.4 
0.3 
3.7® 
2.374 
5.6' 
2.900 
3.4® 
2.039 
0.05 
0.38 
.167 
.119 
.021 
.325 
.789 
.521 
1.84 1.82 0.13 2.07® 2.31® 1.11' 0.16 .910 .016 .978 
Total creatinine excreted, g/5 d 7.4 6.48 0.4 7.12 6.76 6.93 0.49 .003 .473 .448 
Urinary nitrogen: creatinine 
ratio (g/g) 
3MH : creatinine excretion ratio 
8.92 
0.337 
11.81 
0.245 
0.45 
0.03 
10.70® 
0.249' 
4.61* 
0.388' 
15.79« 
0.236® 
0.55 
0.03 
.001 
.025 
.001 
.017 
.138 
.457 
^ Muscle protein breakdown, g protein/ day, (MPB = daily pmol 3MH / 3.5106 pmol 3MH). 
" FBR Is calculated for normal = (3MH production pmol/d)/ 0.35 x gram BW x 0.6 pmol 3MH per g muscle and for 
callipyge = (3MH production pmol/d)/ 0.4466 x gram BW x 0.6 pmol 3MH per g muscle. 
° Total muscle mass, g, of longissimus dorsi, gastrocnemius, and psoas major {TMM= 3MH pool 3 x 0.0884+498.57). 
*^HEHP, high energy-high protein diet (3.1 Meal ME/kg and 15.75% CP on DM basis); HELP, high energy-low protein 
diet (3.1 Meal ME/kg and 9.5% CP on DM basis); LEHP, low energy-high protein diet (2.1 Meal ME/kg and 15.75% 
CP on DM basis). 
g Within a diet row, means not bearing a common superscription letter differ (P< .05). 
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who found that muscle breakdown rates were lower in callipyge lambs than normal 
lambs. One possible reason for the differences is that Lorenzen et al. (2000) directly 
measured protein synthesis and indirectly estimated protein breakdown. In the 
current study, we measured protein breakdown directly using 3MH and indirectly 
estimated protein synthesis. In addition, in the Lorenzen study, the experimental 
diets contained 28.6% CP while the current experimental diets contained either 
15.75% or 9.5% CP. Liu et al. (1995) reported that protein synthesis and 
degradation increased 36 and 20% when the N intake changes from maintenance 
level (500 mg N /kg W per d) to 1500 mg N /kg W ° per d, respectively. 
Total muscle mass of longissimus dorsi, gastrocnemius, and psoas major 
were estimated from regression equation reported by Link (1991) (Table 5). Figure 
7 shows total muscle mass of longissimus dorsi, gastrocnemius, and psoas major 
muscles in callipyge and normal lambs fed three experimental diets. Callipyge 
lambs fed HELP diet had more total muscle mass compared to normal lambs fed 
LEHP diets. Callipyge lambs fed HEHP and LEHP diets and normal lambs fed 
HEHP, HELP, and LEHP diets had similar estimated total muscle mass. 
Creatinine concentration in urine was not affected by genotype but was higher (P < 
.05) when lambs were fed HEHP or HELP diets than when fed LEHP diets. 
Callipyge lambs had 32.4% less urinary nitrogen excretion to creatinine excretion 
ratio compared to normal lambs (P< .001), because callipyge lambs excreted 14.5% 
less urinary nitrogen and 14.2% more urinary creatinine than normal lambs. Also, 
daily nitrogen excretion to creatinine excretion ratio was higher (P < .05) in lambs fed 
LEHP diets followed by lambs fed HEHP and HELP diets. 
50 
4000 
3500 
3000 
2500 
O) 
I 2000 
H 
1500 
1000 
500 
HEHP HELP 
Diet 
LEHP 
• Callipyge B Normal 
Figure 7. Total muscle mass (TMM) of longissimus dorsi, gastrocnemius, and psoas 
mayor (TMM= 3MH pool 3 x 0.0884+498.57), for calllpyge and normal lambs fed high 
energy and high protein diet (HEHP), high energy and low protein diet (HELP), or 
low energy and high protein diet (LEHP). SEM = 524. 
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Figure 8 shows that callipyge lambs fed HEHP and LEHP diets had more 
daily creatinine excretion than normal lambs fed HEHP, HELP, and LEHP diets. 
However, callipyge and nonnal lambs had similar daily creatinine excretion when fed 
HELP diets. Urinary creatinine excretion, which is an indicator of total muscle mass 
(Schroeder et al., 1990; Xue et al., 1988; Heymsfield et al., 1983) were 14.2% higher 
(P < .003) in callipyge lambs than normal lambs. Meyer et al. (1996) reported that 
serum creatinine in callipyge lambs was higher than normal lambs. 
Fractional breakdown rate (FBR) was 21% higher in callipyge lambs 
compared to normal lambs, but the difference was not significant (P < .168). Lambs 
fed HELP diets resulted in 51.4% higher (P < .05) fractional breakdown rate 
compared to lambs fed HEHP diets and 64.7% more fractional breakdown rate 
compared to lambs fed LEHP diets. The ratio of 3MH release creatinine excretion 
{3MH/CE) was affected by genotype, and was 37.6% higher (P < .05) in callipyge 
lambs compared to normal lambs. Daily 3MH-productlon/CE ratio was similar In 
lambs fed HEHP and LEHP diets, but lambs fed HELP diets had 55.8 and 64.4% 
higher daily 3MH/CE ratio than those lambs fed HEHP or LEHP diets, respectively. 
Figure 9 shows the FBR and daily 3MH/CE ratio of callipyge and normal 
lambs fed three experimental diets. Across all diets, callipyge lambs had greater 
FBR, and 3MH/CE ratio was higher than normal lambs (Table 5; P < .167 and P < 
.025, respectively). When genotype by diet was compared, the callipyge vs. normal 
fed the low protein diet had 59% higher muscle protein breakdown than normal 
lambs. 
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Figure 8. Daily creatinine excreted (DCE), g/d, during 5-day collection period of 
callipyge and nomial lambs fed high energy and high protein diet (HEHP), high 
energy and low protein diet (HELP), or low energy and high protein diet (LEHP). 
SEM = 0.16. 
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Figure 9. (A) Fractional breakdown rate (FBR) (SEM = 0.01), %/d, and (B) daily 
creatinine excreted (DCE) (SEM = 0.04), mg/d : 3-methylhistidine release per day 
(3MH), pmol/d ratio during 5-day collection period of callipyge and nomnal lambs fed 
high energy and high protein diet (HEHP), high energy and low protein diet (HELP), 
or low energy and high protein diet (LEHP). FBR was calculated for nomnal = (3MH 
release pmol/d)/ 0.35 x gram BW x 0.6 mhioI 3MH per g muscle and for callipyge = 
(3MH release pmol/d)/ 0.4466 x gram BW x 0.6 pnioi 3MH per g muscle. 
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Increase in muscle mass, which contributes about 45% of the body weight in 
mature mammals, is the major factor of growth (Munro, 1969). The balance 
between body protein synthesis and breakdown (protein turnover) regulates protein 
deposition in animals. Gopinath and Kitts (1984) found that there is a direct 
correlation between growth rate and muscle protein breakdown rate and that the 
high rates of protein breakdown in steers is accompanied by high growth. Lambs 
expressing callipyge gene character with high muscle mass and low fat. Therefore, 
we found that the higher muscle protein breakdown in callipyge lambs than normal 
lambs is accompanied with higher muscle mass compared to normal lambs. 
Muscle protein synthesis 
Table 6 shows muscle protein synthesis data in callipyge and normal lambs, 
and the average of the muscle protein synthesis in the three different diets. Total 
muscle protein synthesis (TPS) was significantly higher in callipyge lambs than 
normal lambs with all estimates. 
Indirect estimation of protein synthesis indicated that the callipyge lambs had 
nearly double the rate of protein synthesis than normal lambs. However when 
protein synthesis was not combined with higher proteolysis the net rate of muscle 
protein synthesis was not statistically different, although numerically the callipyge 
lambs had more than twice the rate of normal lambs. These results are opposite of 
that found by Lorenzen et al. (2000). Both studies rely on isotopic estimation of 
protein metabolism, which are based on many metabolic and physical assumptions. 
Table 6. Estimated total muscle protein synthesis and net muscle protein synthesis calculated from ADG at d 15 to 20 
during nitrogen balance (NB) period and d 0 to 21 of feeding period in callipyge and normal lambs fed high energy-
high protein, high energy-low protein, or low energy-high protein diets. 
Genotype (G) Diet (D) P-value 
Item Callipyge Normal SEM HEHP'^  HELP'' LEHP'^  SEM G D G x D  
Total muscle protein synthesis 
(TPS) based on: 
ADG during NB, g protein /d^ 144.8 88 11.2 107.9® 157.r^ 83.6® 14.3 .006 .009 .726 
ADG at d 21, g protein /d" 156.8 105.6 11.3 126.4''® 159.5'^  107.8® 13.9 .002 .011 .759 
Net muscle protein synthesis 
(NPS) based on: 
ADG during NB, g protein 4.46 -1.16 3.8 6.81'^  9.33'^  -11.19® 5.0 .326 .026 .244 
ADG at d 21, g protein /d'^  20.82 16.46 2.1 25.27^ 17.64® 13® 2.6 .148 .033 .865 
^TPS is calculated for normal = (ADG x 0.35 x 0.25) + (daily pmol 3MH / 3.5106 pmol 3MH) and for callipyge = (ADG 
X 0.4466 X 0.25) + (daily pmol 3MH / 3.5106 pmol 3MH). 
NPS is calculated for normal = (ADG x 0.35 x 0.25) and for callipyge = ((ADG x 0.4466 x 0.25). 
®HEHP, high energy-high protein diet (3.1 Meal ME/kg and 15.75% CP on DM basis); HELP, high energy-low protein 
diet (3.1 Meal ME/kg and 9.5% CP on DM basis); LEHP, low energy-high protein diet (2.1 Meal ME/kg and 15.75% 
CP on DM basis). 
° Within a diet row, means not bearing a common superscription letter differ (P< .05). 
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The direct estimation of protein synthesis with isotope infusion is based on 
Itnowledge of precursor pool specific activities. 3MH isotope methodology similar 
metabolism of 3MH conjugation with p- alanine to balanine. The Lorenzen et al. 
(2000) study relies on estimation of proteolysis based on difference while in the 
current study indirectly estimates protein synthesis. If one assumes the direct 
estimates of protein synthesis are correct; increased proteolysis and decreased 
protein synthesis, muscles should be smaller in callipyge, an unlikely scenario. Our 
results were not in agreement with Lorenzen et al. (2000) who reported that 
callipyge lambs had lower fractional protein synthesis and degradation rates at 8 wk 
of age than normal lambs. 
Schwenk et al. (1985) reported that at least 30% of a labeled essential amino 
acids to measure protein synthesis is recycled back into the plasma space after a 
24-h infusion, and some recycling may occurred as early as 4-h of isotope infusion. 
The 30% recycled labeled amino acid resulted in 25% underestimation. Also, 
Bennet et al. (1993) found that estimating protein synthesis with phenylalanine as a 
tracer will be underestimated compared to leucine. They found that protein 
synthesis rates during 240 minute study, when using f H]-phenylalanine were lower 
by 28% than rates based on ['^ C] KIC, and lower by 16% than rates based on 
leucine. They reported that the possibility to calculate the phenylalanine would be 
underestimated protein synthesis by 15 to 30%. Therefore, kinetic values calculated 
by Lorenzen et al. (2000) model using phenylalanine for 8-h infusion with 
assumption of no recycling of labeled amino acid is likely in error. The unknown 
57 
variable in this scenario is that whether there is more or less recycling in callipyge 
lambs compared to normal lambs. 
When total protein synthesis was estimated based on AOG during NB period 
and on d 21, callipyge lambs synthesized more (P < .006; P < .002, respectively) 
total protein synthesis than nonnal lambs. However, lambs fed HEHP and HELP 
diets synthesized more total protein synthesis based on ADG during nitrogen 
balance period (P < .009) and at d 21 (P < .011) than lambs fed LEHP diets. 
Lambs fed high energy diets (HEHP and HELP) had more total protein 
synthesis and more net protein synthesis based on ADG during nitrogen balance 
period (P < .009 and P < .026, respectively) than lambs fed the low energy diet. 
However, net protein synthesis based on ADG at d 21 was more (P < .033) in lambs 
fed HEHP diets than those lambs fed HELP and LEHP diets. There were no 
significant differences in net protein synthesis based on ADG at d 21 when lambs 
fed HELP and LEHP diets. 
Also, there were no significant differences between the two genotypes when 
lambs fed HEHP, HELP, or LEHP diets in all muscle protein synthesis parameters. 
Figure 10 shows the estimated net protein synthesis based on ADG from d 0 
to d 21 of the feeding experiment in callipyge and normal lambs fed three 
experimental diets. Under each experimental diet, callipyge lambs had more net 
protein synthesis (20.82 vs. 16.46 g/d) than normal lambs, but the differences were 
not significant (P < .145). Lambs fed HEHP diet had higher net protein synthesis 
than lambs fed LEHP or fed HELP diet (25.27,17.64, and 13 g/d, respectively). 
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Figure 10. Net muscle protein synthesis (NPS) based on average daily gain on d 21 
and muscle protein breakdown of callipyge and normal lambs fed high energy and 
high protein diet (HEHP), high energy and low protein diet (HELP), or low energy 
and high protein diet (LEHP). NPS is calculated for normal = (ADG x 0.35 x 0.25) 
and for callipyge = (ADG x 0.4466 x 0.25). 
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Within both genotypes, callipyge or normal lambs fed HEHP diet had similar (P> 
.05) net protein synthesis to lambs fed HELP diets and higher net protein synthesis 
(P< .05) than lambs fed LEHP diet (Figure 10). 
Liu et al. (1995) studied the effect of protein excess and deficiency on protein 
turnover in sheep nourished by intragastric infusion of three levels of casein (50, 
500, and 1500 mg N /kg W per d). They found that whole body protein N 
synthesis increased (P < .001) when the casein level Increased (35.1,41.5, and 63.7 
g/d at low, medium, and high casein level, respectively). Also, they found that whole 
body protein N degradation increased (P < .001) when the casein level increased 
(39.5,41.1, and 56.8 g/d at low, medium, and high casein level, respectively). They 
reported that low intake of N (50 mg N /kg W per d) decreased protein synthesis 
and degradation by 30 and 21%, respectively, compared to maintenance level. 
Harris et al. (1992) found that protein synthesis and degradation in lambs increased 
by 25 and 18%, respectively, when energy intake increased from 1.2 X maintenance 
to 1.8 X maintenance. Also, they found that protein synthesis and degradation 
decreased by 25 and 16%, respectively, when energy Intake changed from 1.2 X 
maintenance to .6 X maintenance. Lobley et al. (1987) found that protein synthesis 
and degradation decreased by 18 and 2%, respectively, when the steers reduced 
from maintenance intake to fasting, but protein synthesis and degradation increased 
by 26 and 20%, respectively, when feed intake changed from maintenance to 1.6 X 
maintenance. 
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CHAPTER 5. CONCLUSION 
Heavy muscle in sheep was identified more than ten years ago. The gene 
that influences this phenomenon has been mapped to chromosome 18 in sheep and 
named callipyge and the symbol CLPG has been proposed for this gene (Cockett et 
al., 1994). Since that time, scientists who are interested in sheep and meat research 
have studied the advantage and disadvantage of this gene in sheep industry. In 
general, results indicate that the gene seems to affect carcass characteristics rather 
than animal performances. 
Jackson and Green (1993) and Jackson et al. (1993a,b) found that birth 
weight, weaning weight, and rate of gain were not different between "carrier" and 
"non-carrier" of this gene in animals, but muscle mass was higher by 32.2% in 
callipyge animals compared to non-callipyge animals. 
There are clear differences between callipyge or heavy muscle in sheep and 
double muscling in cattle. Heavy muscle in sheep is due to muscle hypertrophy at 4-
to 6-weeks after birth, but double muscle in cattle is due to muscle hyperplasia 
during prenatal growth and development. Both heavy muscled condition in sheep 
and double muscled condition in cattle are similar in that they are characterized by 
shifting the animal growth to produce more muscle and less fat. Myostatin has been 
identified as the gene responsible for producing double-muscling in mice 
(McPherron et al., 1997) and cattle (McPherron and Lee, 1997; Smith et al., 1997). 
The mechanism of this gene is a negative regulation of tissue growth for controlling 
skeletal muscle mass during development and growth. Therefore, the lack of 
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myostatin is associated with an increase in fiber number and then enhanced skeletal 
muscle mass. The similarity between callipyge lambs and double-muscled cattle in 
high muscle mass and low fat suggests that myostatin gene might be responsible for 
the high muscle mass and protein synthesis in callipyge lambs. 
Florini, (1987) reported that muscle growth is affected by several endocrine 
hormones such as growth hormone and insulin. Suttie et al. (1991) reported that 
lean ram lambs had significantly greater growth hormone than fat ram lambs. In 
contrast, Whisnant et al. (1998) found that lambs expressing callipyge gene had 
similar growth hormone, insulin, and thyroxin to normal lambs. This finding 
suggested that the hypertrophied muscles in callipyge lambs are not due to 
differences in endocrine system between the two genotypes, but may be due to 
differences in hormone receptors or other factors. 
Collagen increases the toughness of meat as the animal ages as a result of 
collagen crosslinkage, which is the primary component of connective tissues (Young 
and Braggins, 1993). Field et al. (1996) reported that longissimus muscle from 
lambs expressing callipyge gene had 14.3% lower collagen percentage (P< .09) 
than normal lambs. Their finding is not in agreement with the suggestion by Boccard 
(1981) and Bailey et al. (1982) who suggested that muscle hypertrophy of double 
muscled cattle results in more tender meat because of lower collagen content. 
The results of the present study of protein metabolism did not agree with the 
previous finding of Lorenzen et al. (2000). Our results indicated that lambs 
expressing the callipyge gene have higher rates of muscle protein breakdown and 
synthesis than non-carrier lambs. Lorenzen et al. (2000) found that the mechanism 
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of callipyge gene in protein metabolism was due to the reduction in muscle protein 
breakdown rate. The differences between the recent studies in the effect of 
callipyge gene in protein metabolism supposed to be due the differences in the 
protocol and design of the two studies. 
According to our data, lambs fed HELP diets had more MPB than those fed 
HEHP and LEHP diets in order to overcome the protein shortage in a high energy-
low protein diet. Also, muscle protein breakdown rate was higher in callipyge lambs 
than normal lambs. However, the results in the present study Indicated that 
callipyge lambs have more protein synthesis than normal lambs, therefore we 
suggested that callipyge lambs require more dietary protein to supply exogenous 
amino acids for protein synthesis. 
There is a high correlation between heat loss (kJ/d) and protein synthesis 
(g/d), so the energy cost of protein synthesis was found to be 4.5 kJ/g protein 
synthesized (Webster, 1976). Millward et al., 1976 reported that higher rate of 
protein turnover require a significant energy expenditure. Young et al. (1991) 
reviewed the rate of protein synthesis In different species and they found that about 
20% of basal metabolism were due to the process of polypeptide bond synthesis. 
Also, Davis et al. (1981) found that the energy cost of protein synthesis was 2.7 
MJ/d for 600-g protein synthesized assuming that the energy cost of each g protein 
synthesized equal 4.5 kJ. They reported that protein synthesis required 35% of daily 
metabolizable energy intake. Therefore, we concluded that callipyge lambs require 
more energy for maintenance than normal lambs to overcome the higher energy 
demand during the higher protein synthesis. It was established by researchers 
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(Koohmaraie et al., 1995; Jackson et al., 1997b: Jackson et al., 1993a) that callipyge 
lambs had lower body fat than normal lambs. Therefore, we can speculate that 
endogenous energy (body fat) may be mobilized to provide the energy required for 
the protein turnover and retention. 
The increased muscle size in lambs expressing callipyge gene is not due to 
decreased muscle protein breakdown, but instead may be due to increased muscle 
protein synthesis. 
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APPENDIX A. ADDITIONAL FIGURES 
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Figure A1. Daily dry matter feed intake (DDFI), kg/d of callipyge and normal lambs 
fed high energy and high protein diet (HEHP), high energy and low protein diet 
(HELP), or low energy and high protein diet (LEHP). 
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Figure A2. Average daily gain (AOG) at 21, kg/d, of callipyge and normal lambs fed 
high energy and high protein diet (HEHP), high energy and low protein diet (HELP), 
or low energy and high protein diet (LEHP). 
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Figure A3. Nitrogen excretion (NE), g/d, of cailipyge and normal lambs fed high 
energy and high protein diet (HEHP), high energy and low protein diet (HELP), or 
low energy and high protein diet (LEHP). 
68 
O 
c 
0) 
o 
•MB 
lU 
c 
« g» 0.05 
HEHP HELP LEHP 
Diets 
Callipyge EH Normal 
Figure A4. Nitrogen Efficiency of callipyge and nonmal lambs fed high energy and 
high protein diet (HEHP), high energy and low protein diet (HELP), or low energy 
and high protein diet (LEHP). 
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Figure A5. Average daily gain (AOG), kg/d, during 5-day nitrogen balance period of 
callipyge and normal lambs fed high energy and high protein diet (HEHP), high 
energy and low protein diet (HELP), or low energy and high protein diet (LEHP). 
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Figure A6. 3-methylhistidine release rate (3MH), pmol/kg/d, of callipyge and normal 
lambs fed high energy and high protein diet (HEHP), high energy and low protein 
diet (HELP), or low energy and high protein diet (LEHP). 
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Figure A7. 3-nnethylhistidine release (3MH), pmol/kg/d, of callipyge and normal 
lambs fed high energy and high protein diet (HEHP), high energy and low protein 
diet (HELP), or low energy and high protein diet (LEHP). 
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Figure A8. Fractional breakdown rate (FBR), %/d, of callipyge and normal lambs fed 
high energy and high protein diet (HEHP), high energy and low protein diet (HELP), 
or low energy and high protein diet (LEHP). FBR is calculated for normal = (3MH 
release pmol/d)/ 0.35 x gram BW x 0.6 pmol 3MH per g muscle and for callipyge = 
(3MH release pmol/d)/ 0.4466 x gram BW x 0.6 pmol 3MH per g muscle. 
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Figure A9. Creatinine concentration (CC), g/l, during 5-day collection period of 
callipyge and nomiai lambs fed high energy and high protein diet (HEHP), high 
energy and low protein diet (HELP), or low energy and high protein diet (LEHP) 
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Figure A10. Net muscle protein synthesis (NPS), g/d based on average daily gain 
during 5-day nitrogen balance period of callipyge and normal lambs fed high energy 
and high protein diet (HEHP), high energy and low protein diet (HELP), or low 
energy and high protein diet (LEHP). NPS is calculated for normal = (ADQ x 0.35 x 
0.25) and for callipyge = (ADG x 0.4466 x 0.25). 
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Figure A11. Protein breakdown (MPB = daily pmol 3MH / 3.5106 pmol 3MH)\ g/d, 
during 5-day collection period of callipyge and normal lambs fed high energy and 
high protein diet (HEHP), high energy and low protein diet (HELP), or low energy 
and high protein diet (LEHP). SEM 19.4. ^3MH (3-methylehistidine). 
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Figure A12. Disappearance of tracer, 3-[^H3-methyl]-nnethylhistidine, as a ratio of 3-
[^H3-methyl]-methylhistidine:3-methylhistidine in plasma as described by a 3-
compartment model of 3-methylhistidine. Symbols (^) represent observed data of 
lamb 3 during the first period, and the line (—) represents best fit. 
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APPENDIX B. ADDITIONAL TABLES 
Table B1. Least square means of daily feed intake, average daily gain, and feed efficiency at d 14 and 21 of experimental 
period in callipyge and normal lambs fed high energy and high protein diet (HEHP), high energy and low protein diet 
(HELP), or low energy and high protein diet (LEHP). 
Callipyge Normal 
ITEMS HEHP^ HELPS LEHP' HEHP HELP LEHP SEM 
Weight 14, kg 40.15 38.59 40.6 41.22 40.77 40.77 2.43 
Weight 21, kg 40.82 39.40 39.92 41.3 41.28 40.28 2.7 
Daily Feed Intake 0 -14, kg 1.06" 0.96" 1.01" 1.3® 1.08" 1.02" 0.14 
Daily Feed Intake 0 - 21, kg 1.03" 0.95" 1.00" 1.21® 1.06®" 1.02" 0.13 
Ave. Daily Gain 0 -14, kg 0.32®" 0.19'= 0.26" 0.38® 0.24" 0.2*= 0.07 
Ave. Daily Gain 0 - 21, kg 0.25® 0.17®" 0.15" 0.26® 0.19®" 0.12" 0.07 
Feed/Gain 0 -14, kg 3.48® 5.96®" 4.28® 3.53® 5.43®" 9.57" 3.43 
Feed/Gain 0-21, kg 4.52® 6.7® 7.88® 4.85® 5.97® 17.66" 6.11 
*HEHP, High Energy, High Protein Diet (3.1 Meal ME/kg DM, 15.75% CP). 
^HELP, High Energy, Low Protein Diet (3.1 Meal ME/kg DM, 9.5% CP). 
*LEHP, Low Energy, High Protein Diet (2.1 Meal ME/kg DM, 15.75% CP). 
Table B2. Least Square means of 5-day nitrogen parameters collected from d 15 to 21 of each experimental period 
(Nitrogen Intake, Nitrogen Balance, Fecal Nitrogen, and Urinary Nitrogen) of callipyge and normal lambs fed high energy 
and high protein diet (HEHP), high energy and low protein diet (HELP), or low energy and high protein diet (LEHP). 
Callipyge Normal 
Nitrogen Parameters HEHP* HELpS LEHP' HEHP HELP LEHP SEM 
Nitrogen Intake, g/d 25.5® 14.8'' 29.8®" 24.8® 15.2® 31.6® 4.09 
Urine Nitrogen, g/d 13.2'' 5.8 21.0® 16.6" 6.8 22.1® 2.41 
Fecal Nitrogen, g/d 5.9" 4.7" 10.3® 5.3" 5.8" 10.4® 1.17 
Nitrogen Balance, g/d 
<0 CO CO 4.3® 
-1.5" 2.5®" 2.6®" 
00 
3.98 
a. b, c. g jjjQi means not bearing a common superscription letter differ (P< .05). 
*HEHP, High Energy, High Protein Diet (3.1 Meal ME/kg DM, 15.75% CP). 
^HELP, High Energy, Low Protein Diet (3.1 Meal ME/kg DM, 9.5% CP). 
LEHP, Low Energy, High Protein Diet (2.1 Meal ME/kg DM, 15.75% CP). 
"D X G = Diet X Genotype Interaction. 
Table B3. Kinetic parameters of 3-methylhistidine, 3MH, metabolism and transport rates for a simple 3 compartment 
plasma model in callipyge and normal lambs. 
Item 
Callipyge Normal Main Effects (p=) 
HEHP" HELP" LEHP" HEHP HELP LEHP SEM Diet Genotype DxG" 
K(1), mr* 0.000123 0.000135 0.000137 0.00012 0.000116 0.000127 9.70E-06 0.745 0.216 0.703 
L(0,1), min" 0.000112 0.000129 0.000112 0.000094 0.000109 0.000117 1.80E-05 0.856 0.375 0.873 
L(0,3), min' 0.00033 0.000381 0.000332 0.000279 0.000317 0.000323 5.50E-06 0.862 0.374 0.874 
L(1,2), min' 0.0665 0.0974 0.0623 0.0715 0.0613 0.0583 0.0207 0.62 0.512 0.59 
L(2,1), min"' 0.124 0.176 0.118 0.116 0.104 0.097 0.0338 0.698 0.254 0.617 
L(2,3), min' 0.00216 0.00369 0.00201 0.00163 0.00286 0.00245 0.0005 0.228 0.496 0.491 
L(3,2), min' 0.00506 0.00717 0.00422 0.00309 0.00432 0.00415 0.0016 0.247 0.243 0.69 
Plasma 3MH, pml 31.632 59.468 35.457 36.298 42.188 23.951 8.27 0.0012 0.268 0.431 
®HEHP, High Energy, High Protein Diet. 
"help, High Energy, Low Protein Diet. 
''LEHP, Low Energy, High Protein Diet. 
'^ D X G = Diet x Genotype Interaction. 
^K(I) = Proportionality constant associated with compartment I. 
'L(I,J) = Fraction of material transported from compartment J to I per unit time (fraction/min). 
Table B4. Steady state parameter of 3-methylhistidine, 3MH, masses and transport rates for a simple 3 compartment 
plasma model in callipyge and normal lambs. 
Item 
Callipyge Normal Main Effects (p=) 
HEHP" HELP" LEHP'= HEHP HELP LEHP SEM Diet Genotype DxG" 
Ml, nmol/kg" 6391.2 11352.5 6198.4 7472.3 8971.2 4652.3 1432.2 0.0001 0.445 0.492 
M2, nmol/kg 11972 23395.5 11677.2 11559.6 14720.8 8356 3829.114 0.0012 0.221 0.568 
M3, nmol/kg 22303 35120.8 20855 20136.2 19212.2 13985.1 5927.4 0.325 0.119 0.521 
R(0,1), nmol/kg' 0.645 1.478 0.703 0.601 0.97 0.448 0.28 0.131 0.28 0.727 
R(0,3), nmol/kg 6.51 9.95 6.62 4.47 6.05 3.56 0.99 0.039 0.003 0.657 
R(1,2), nmol/kg 695.8 1334.4 725.3 788.3 870.4 435.3 172.4 0.143 0.152 0.307 
R(2,1), nmol/kg 695.1 1332.9 724.6 787.7 869.4 434.8 172.4 0.144 0.153 0.307 
R(2,3), nmol/kg 47.6 96.1 42.6 31.5 57.6 26.6 9.5 0.0008 0.0114 0.42 
R(3,2), nmol/kg 54.1 106.1 49.3 35.9 63.6 30.2 10.1 0.0008 0.008 0.42 
®HEHP, High Energy, High Protein Diet. 
"help, High Energy, Low Protein Diet. 
®LEHP, Low Energy, High Protein Diet. 
"D X G = Diet X Genotype Interaction. 
^M(I) = Mass of tracee (unlabeled 3MH) in compartment I. 
'R(I,J) = Transport of tracee (natural 3MH) from compartment J to I. 
Table B5. Steady state parameter of 3-methylhlstidine, 3MH, masses and transport rates for a simple 3 compartment 
plasma model In callipyge and normal lambs. 
Callipyge Normal Main Effects (p=) 
Item HEHP" HELP" LEHP" HEHP HELP LEHP SEM Diet Genotype D x G "  
Ml, nmol/animal* 253091.8 445180 250718.5 308234.2 361806.5 192564.1 56064.01 0.0001 0.552 0.466 
M2, nmol/animal 474411.7 895770.7 471633.8 475263.7 598803 343377 145298.19 0.0007 0.268 0.608 
M3, nmol/animal 895768 1370507.7 840752.3 823935.8 776781 576028.1 232755.65 0.384 0.137 0.546 
R(0,1), nmol/animal' 25.4 56.95 28.5 24.84 38.57 18.62 10.68 0.101 0.304 0.719 
R(0,3), nmol/animal 259.95 387.13 268.33 182.85 240.58 146.65 40.40 0.041 0.005 0.702 
R(1,2), nmol/animal 27754.1 51919.3 29123.1 32246.5 34569.8 17935.6 6600.25 0.182 0.172 0.286 
R(2,1), nmol/animal 27728.7 51862.5 29094.5 32221.7 34531.2 17917 6600.04 0.183 0.173 0.287 
R(2,3), nmol/animal 1885.3 3743.3 1706.2 1250.8 2224.5 1101.2 400.13 0.0004 0.017 0.453 
R(3,2), nmol/animal 2145.2 4130.4 1974.5 1433.7 2465.1 1247.8 425.82 0.0004 0.013 0.460 
®HEHP, High Energy, High Protein Diet. 
''HELP, High Energy, Low Protein Diet. 
"^LEHP, Low Energy, High Protein Diet. 
"D X G = Diet X Genotype Interaction. 
^M(I) = Mass of tracee (unlabeled 3MH) in compartment I. 
'R(I,J) = Transport of tracee (natural 3MH) from compartment J to I. 
Table B6. Least square means of creatinine and protein breakdown collected from d 15 to 21 of each experimental period 
in callipyge and normal lambs fed high energy and high protein diet (HEHP), high energy and low protein diet (HELP), or 
ITEMS 
Callipyge Normal 
SEM HEHPS HELPS LEHPS HEHP HELP LEHP 
3-methylhistidine production, pmol/kg/d 10.3® 16.47'' 10.55® 7.29® 10.11® 5.76® 1.68 
Muscle protein breakdown, g/d^ 117® 182.2'' 121.8® 85.2® 114.5® 67.8® 19.4 
Fractional breakdown rate, %/d^ 3.9*^ 6.2® 3.9"^ 3.6"° 5.1®" 2.8'= .01 
Estimated total muscle mass, g^ 2470®" 2603® 2342®" 2279®" 2197®" 1735" 524.0 
Creatinine concentration, g/l 2.09® 
CO cv
i 
1.13" 2.04® 2.33® 1.08" .56 
Total creatinine excreted, g/5 day 7.75® 7.00®" 7.45® 6.49" 6.53" 6.42" 0.78 
Daily nitrogen: creatinine ratio (g/g) 8.56® 4.09" U.ll'' 12.48'= 5.13" 17.47^ 1.92 
3MH : urinary creatinine ratio, pmol/mg 0.264' ® 0.459" 0.288® 0.235® 0.316® 0.184® .04 
^HEHP, High Energy, High Protein Diet (3.1 Meal ME/kg DM, 15.75% CP); HELP, High Energy, Low Protein Diet (3.1 
Meal ME/kg DM, 9.5% CP); LEHP, Low Energy, High Protein Diet (2.1 Meal ME/kg DM, 15.75% CP). 
^Muscle protein breakdown (MPB = daily pmol 3MH / 3.5106 pmol 3MH) 
^FBR is calculated for normal = (3MH production pmol/d)/ 0.35 x gram BW x 0.6 pmol 3MH per g muscle and for callipyge 
= (3MH production pmol/d)/ 0.4466 x gram BW x 0.6 pmol 3MH per g muscle. 
^otal muscle mass, g, of longissimus dorsi, gastroconemius, and psoas major {TMM= 3MH pool 3*0.0884+498.57). 
Table B7. Estimated total muscle protein synthesis and net muscle protein synthesis at d 14 and 21 of the experimental 
period in callipyge and normal lambs fed high energy and high protein diet (HEHP), high energy and low protein diet 
(HELP), or low energy and high protein diet (LEHP). 
Callipyge 
ITEMS HEHP'= HELP'' LEHP'^  
Normal 
HEHP HELP LEHP SEM 
Total muscle protein synthesis (g 
protein/d)^: 
based on ADG during NB period, g/d 132.1*^° 195.6*^ 106.7* 
based on ADG at day 21, g/d 144.4''® 188.2° 138' de 
83.75®' 119.8®' 60.5' 
108.4"® 130.9® 77.7' 
Net muscle protein synthesis (g 
protein/d)^: 
based on ADG during NB period, g/d 15.1" 
based on ADG at day 21, g/d 27.3" 
13.4 
19"®' 
de 
-15.1' -1.4'^ ®' 5.3''® -7.3' ,e( 
16.2 ,e» 23.2"® 16.3®' 9.8 ef 
8.1 
4.9 
6.6 
4.3 
°TPS Is calculated for normal = (ADG x 0.35 x 0.25) -i- (daily pmol 3MH / 3.5106 pmol 3MH) and for callipyge = (ADG x 
0.4466 X 0.25) + (daily pmol 3MH / 3.5106 Mmol 3MH). 
''NPS Is calculated for normal = (ADG x 0.35 x 0.25) and for callipyge = (ADG x 0.4466 x 0.25). 
''HEHP, High Energy, High Protein Diet (3.1 Meal ME/kg DM, 15.75% CP); HELP, High Energy, Low Protein Diet (3.1 
Meal ME/kg DM, 9.5% CP); LEHP. Low Energy. High Protein Diet (2.1 Meal ME/kg DM, 15.75% CP). 
Within a diet row, means not bearing a common superscription letter differ (P< .05). 
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APPENDIX C. SAS PROCEDURE 
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Statistical analysis from ANOVA procedure of SAS. 
Source DF 
BLOCK 1 
PERIOD 2 
PENPAIR(BLOCK) 4 
DIET 2 
PERrPENP"DIET(BLOC) 8 
GENOTYPE 1 
DIErGENOTYPE 2 
An example of SAS analysis. 
General Linear Models Procedure 
Class Level Information: 
Class Levels Values 
BLOCK 2 1 2 
PERIOD 3 12 3 
PENPAIR 3 12 3 
DIET 3 12 3 
GENOTYPE 2 C N 
Number of obsen^ations in data set = 36 
Dependent Variable: Creatinine Concentration (CC) 
Source DF Sum of Squares Mean Square F Value Pr > F 
Model 20 19.03566517 0.95178326 3.09 0.0149 
Error 15 4.61440558 0.30762704 
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Corrected Total 35 23.65007075 
R-Square C.V. Root MSE CC Mean 
0.804888 30.3235 0.55464136 1.82908333 
Source DF Type III SS Mean Square F Value P r > F  
BLOCK 1 2.37930625 2.37930625 7.73 0.014 
PERIOD 2 0.79425017 0.39712508 1.29 0.3039 
PENPAIR(BLOCK) 4 0.76694733 0.19173683 0.62 0.653 
DIET 2 9.72121867 4.86060933 15.8 0.0002 
PERrPENP*DIET(BLOC) 8 5.35611583 0.66951448 2.18 0.0924 
GENOTYPE 1 0.00403225 0.00403225 0.01 0.9104 
DIErGENOTYPE 2 0.01379467 0.00689733 0.02 0.9779 
Tests of Hypotheses using the Type III MS for PERI*PENP*DIET(BLOC) as an error term: 
Source DF Type III SS Mean Square F Value P r > F  
BLOCK 1 2.37930625 2.37930625 3.55 0.0961 
PERIOD 2 0.79425017 0.39712508 0.59 0.5752 
DIET 2 9.72121867 4.86060933 7.26 0.0159 
Dependent Variable: CC 
Parameter Estimate Stander Error t Value Pr > |T| 
HH vs. LH & HL 0.356 1.82 0.0895 0.1961 
ML vs. LH -1.2047 -5.32 0.0001 0.2264 
HH vs. LH & HL in gen 0.039 0.1 0.9221 0.3922 
HL vs. LH in genotype -0.0847 -0.19 0.8542 0.4529 
88 
REFERENCES 
AOAC. 1985. Official methods of analysis (14*^ Ed.). Arlington, VA. 
Arnal, M. 1977. Muscle protein turnover in lambs throughout development. 
Proceedings of the 2""^ International Symposium on Protein Metabolism and 
Nutrition, Leiystad, The Netherlands, pp.35-37. 
Arthur, P. F., M. Makarechian, R. K. Salmon, and M. A. Price. 1990. Plasma growth 
hormone and insulin concentrations in double-muscled and normal bull 
calves. J. Anim. Sci. 68:1609. 
Bailey, A. J., M. B. Enser, E. Dransfield, D. G. Restall, and N. C. Avery. 1982. 
Muscle and adipose tissue from normal and double muscled cattle; Collagen 
types, muscle fiber diameter, fat cell size and fatty acid composition and 
organoleptic properties. In: J. W. B. King and F. Menissier, (Ed.) Muscle 
Hypertrophy of Genetic Origin and Its Use to Improve Beef Production, p 
178. Martinus Nijhoff, The Hague. 
Bennet, W. M., S. J. D. O'Keefe, and M. W. Haymond. 1993. Comparison of 
precursor pools with Lucien, a-Ketoisocaproate, and phenylalanine tracers 
used to measure splanchnic protein synthesis in man. Metabolism, Vol. 42, 
6:691. 
Berg, R. T., and R. M. Butterfield. 1976. New concepts of cattle growth. Sydney 
Univ. Press, Sydney, Australia. 
Boccard, R. 1981. Facts and reflections on muscular hypertrophy in cattle: Double 
muscling or culard. In: R. Lawrie (Ed.) Development in Meat Sci. Vol. 2. p 1 
Applied Publishers. 
Bryant, D. T. W., and R. W. Smith. 1982. Protein synthesis in muscle of mature 
sheep. J. Agric. Sci., Camb. 98:639-643. 
Busboom, J. R., G. D. Snowder, and N. E. Cockett. 1996. Synopsis of the heavy 
muscle (callipyge) lamb symposium. Presentation, February 15 & 16,1996, 
Salt Lake City, Utah. 
Carpenter, C. E. 1994. Research report. Sheep Magazine Vol. 15, No 10:26. 
Carpenter, C. E., M. B. Solomon, G. D. Snowder, N. E. Cockett, and J. R. Busboom. 
1997. Effect of electrical stimulation and conditioning, calcium chloride 
injection and aging on the acceptability of callipyge and normal lamb. Sheep 
and Goat Research Joumal. Vol. 13, No. 3:127-134. 
89 
Carpenter, C. E., O. D. Rice, N. E. Cockett, and G. D. Snowder. 1996. Histology 
and composition of muscles from nomnal and callipyge lamb. J. Anim. Sci. 
74:388-393. 
Chowdhury, S. A., Orskov, F. D. DeB. Hovell, J. R. Scaife, and G. Mollison. 1997. 
Protein utilization during energy undernutrition in sheep sustained by 
intragastric infusion: Effect of body fatness on the protein metabolism of 
energy restricted sheep. Br. J. Nutr. 78:273-282. 
Clare, T. L, S. P. Jackson, M. F. Miller, C. T. Elliot, and C. B. Ramsey. 1997. 
Improving tenderness of normal and callipyge lambs with calcium chloride. J. 
Anim. Sci. 75:377-385. 
Cockett, N. E., S. P. Jackson, T. L. Shay, D. Nielsen, S. S. Moore, M. R. Steele, W. 
Barendise, R. D. Greene, and M. Georges. 1994. Chromosomal localization 
of the callipyge gene in sheep (ovis aries) using bovine DNA markers. Proc. 
Natl. Acad. Sci. USA 91:3019. 
Davis, S. R., T. N. Barry, and G. A. Hughson. 1981. Protein synthesis of growing 
lambs. Br. J. Nutr. 46:409. 
Duckett, S. K., T. A. Klein, R. K. Leckie, J. H. Thorngate, J. R. Busboom, and G. D. 
Snowder. 1998a. Effect of freezing on calpastatin activity and tenderness of 
callipyge lamb. J. Anim. Sci. 76:1869. 
Duckett, S. K., T. A. Klein, M. V. Dodson, and G. D. Snowder. 1998b. Tenderness 
of normal and callipyge lamb aged fresh or after freezing. Meat Science. 
49:19. 
Field, R. A., R. J. McComiick, D. R. Brown, F. C. Hinds, and G. D. Snowder. 1996. 
Collagen crosslinks in longissimus muscle from lambs expressing the 
callipyge gene. J. Anim. Sci. 74:2943-2947. 
Florini, J. R. 1987. Hormonal control of muscle growth. Muscle Nen/e. 10:577. 
Garlick, P. J., D. J. Millward, W. P. T. James, and J. C. Waterlow. 1975. The effect 
of protein deprivation and stan/ation on the rate of protein synthesis in tissues 
of the rat. Biochimica et Biophysica Acta. 414:71-84. 
Garlick, P. J. 1980. Assessment of protein metabolism in the intact animal. In: 
Protein deposition in animals, edited by P. J. Buttery and D. B. Lindsay. 
London: Buttenworths, p. 7-15. 
Garlick, P. J., and G. A. Clugston. 1981. Measurement of whole body protein 
turnover by constant infusion of carboxyl-labelled leucine. In: Nitrogen 
90 
metabolism in man, edited by J. C. Waterlow and J. M. L. Stephen. London; 
Applied Science Publishers, p. 303-322. 
Garlick, P. J., and E. B. Fern. 1985. Whole-body protein turnover: Theoretical 
considerations. In: Substrate and energy metabolism, edited by J. S. Garrow 
and D. Halliday. John Libbey, p. 323-344. 
Geay, Y., J. Robelin, M. Vermorel, and C. Beranger. 1982. Muscle development 
and energy utilization in cattle: The double-muscled as an extreme or a 
deviant animal. In: J. W. B. King F. Menissier (Ed.) Muscle hypertrophy of 
genetic origin and its use to improve beef production. Curr. Top. Vet. Med. 
Anim. Sci. 16:74. 
Gopinath, R. and W. D. Kitts. 1984. Growth, Nt-Methylhistidine excretion and 
muscle protein degradation in growing beef steers. J. Anim. Sci. 59:1262. 
Hanset, R., and C. Michaux. 1985a. On the genetic determination of muscular 
hypertrophy in the Belgian White and Blue cattle breed. I. Experimental data. 
Genet. Sel. Evcl. 17:359. 
Hanset, R., and C. Michaux. 1985b. On the genetic determination of muscular 
hypertrophy in the Belgian White and Blue cattle breed. II. Population data. 
Genet. Sel. Evol. 17:369. 
Hanset, R., and C. Michaux. 1986. Characterization of biological types of cattle by 
the blood level of creatine and creatinine. J. Anim. Breed. Genet. 103:227. 
Hanset, R., C. Michaux, and A. Stasse. 1987. Relationship between growth rate 
and, carcass composition, feed intake, feed conversion ratio, and income in 
four biological types of cattle. Genet. Sel. Evol. 19:225. 
Hanset, R., 0. Michaux, and G. Oetal. 1989. Genetic analysis of some maternal 
reproductive traits in the Belgian White and Blue cattle breed. Livest. Prod. 
Sci. 23:79. 
Hanset, Y., and M. Jardrain. 1979. Selection for double muscling and calving 
problems. E. E. Seminar in "Calving problems and early viability of the calf. 
Martinus Nijhoff, The Hague Commission of European Communities, Freising 
1977. Pp91-104. 
Harris, C. I., and G. Milne. 1980. The urinary excretion of Nt-methyl histidine in 
sheep: An invalid index of muscle protein breakdown. Br. J. Nutr. 44:129-
140. 
91 
Harris, C. I., and G. Milne. 1981. The urinary excretion of N-tau-methyl histidine by 
cattle: Validation as an index of muscle protein breakdown. Br. J. Nutr. 
45:411-422. 
Harris, C. I., G. Milne, G. E. Lobley, and G. A. Nicholas. 1977. 3-methylhistidine as 
a measure of skeletal-muscle protein catabolism in the adult New Zealand 
white rabbit. Biochemical Society Transactions 5:706-708. 
Harris, P. M., P. A. Skene, V. Buchan, E. Milne, A. G. Calder, S. E. Anderson, A. 
Connell, and G. E. Lobley. 1992. Effect of feed intake on hind-limb and 
whole-body protein metabolism in young growing sheep: chronic studies 
based on arterio-venous techniques. Br. J. Nutr. 68:389-407. 
Heinegard, D., and G. Tiderstrom. 1973. Determination of serum creatinine by a 
direct colorimetric method. Clin. Chim Acta 43:305. 
Hendricks, H. B., E. D. Aberle, D. J. Jones, and T. G. Martin. 1973. Muscle fiber 
types, rigor development, and bone strength in double muscled cattle. J. 
Anim. Sci. 37:1305. 
Henry, Y., and P. Sellier. 1982. Some nutritional particularities of pig breeds with 
high muscle development (Pietrain, Belgian Landrace). In: J. W. B. King F. 
Menissier (Ed.) Muscle hypertrophy of genetic origin and its use to improve 
beef production. Curr. Top. Vet. Med. Anim. Sci. 16:88. 
Heymsfield, S. B., C. Arteaga, C. McManus, J. Smith, and S. Moffitt. 1983. 
Measurement of muscle mass in humans: validity of the 24-hour urinary 
creatinine method. Am. J. Clin. Nutr. 37:478. 
Holmes, J. H. G., and C. R. Ashmore. 1972. A histochemical study of development 
of muscle fiber type and size in normal and double muscled-cattle. Growth 
36:351. 
Jackson, S. P., and R. D. Greene. 1993. Muscle trait inheritance, growth 
performance and feed efficiency of sheep exhibiting a muscle hypertrophy 
phenotype. J. Anim. Sci. 71(Suppl. 1):241 (Abstr.). 
Jackson, S. P., M. F. Miller, and R. D. Greene. 1993a. The effect of a muscle 
hypertrophy gene on muscle weights of ram lambs. J. Anim. Sci. 71(Suppl. 
1):146 (Abstr.). 
Jackson, S. P., M. F. Miller, R. D. Greene, and K. S. Brdecko. 1993b. Carcass 
characteristic of Rambouillet ram lambs with genetic muscle hypertrophy. J. 
Anim. Sci. 71(Suppl. 1):147 (Abstr.). 
92 
Jackson, S. P., R. D. Greene, and M. F. Miller. 1997a. Phenotypic characterization 
of Rambouillet sheep expressing the callipyge gene: I. Inheritance of the 
condition and production characteristics. J. Anim. Sci. 75:14-18. 
Jackson, S. P., M. F. Miller, and R. D. Greene. 1997b. Phenotypic characterization 
of Rambouillet sheep expressing the callipyge gene: II. Carcass 
characteristic and retail yield. J. Anim. Sci. 75:125-132. 
Jackson, S. P., M. F. Miller, and R. D. Greene. 1997c. Phenotypic characterization 
of Rambouillet sheep expressing the callipyge gene: III. Muscle weight and 
muscle weight distribution. J. Anim. Sci. 75:133-138. 
Kidwell, J. F., E. H. Vernon, R. M. Crown, and C. B. Singletary. 1952. Muscular 
hypertrophy in cattle. J. Hered. 43:62. 
Kieffer, N. M., T. C. Cartwright, W. A. Landmann, R. L. Hostetio, A. M. Sorenson, J. 
R. Greely, and R. G. Greely. 1971. Characterization of the double muscle 
syndrome: Its genetics, anatomy, physiology, and meat chemistry and 
carcass qualities. Progress report (Oct.) Dept Anim. Sci., Texas A&M Univ., 
College Station, p 10. 
Koohmaraie, M. 1988. The role of endogenous proteases in meat tenderness. 
Proc. Recip. Meat Conf. 41:89. 
Koohmaraie, M. 1992. Role of neutral proteases in postmortem muscle protein 
degradation and meat tenderness. Postmortem degradation of muscle 
proteins. Proc. Recip. Meat Conf. 45:63. 
Koohmaraie, M. 1994. Muscle proteinases and meat aging. Meat Sci. 36:93. 
Koohmaraie, M., S. D. Shackelford, T. L Wheeler, S. M. Lonergan, and M. E. 
Doumit. 1995. A muscle hypertrophy condition in lamb (Callipyge): 
Characterization of effects on muscle growth and meat quality traits. J. Anim. 
Sci. 73:3596. 
Link, G. A. 1991. A comprehensive approach to describing protein turnover in 
lambs. Ph. D. Dissertation. Iowa State University, Ames. 
Liu, S. M., G. E. Lobley, N. A. Macleod, D. J. Kyle, X. P. Chen, and E. R. Orskov. 
1995. Effect of long-term protein excess or deficiency on whole-body protein 
tumover in sheep nourished by intragastric infusion of nutrients. Br. J. Nutr. 
73:829. 
Lobley, G. E., A. Connel, and V. Buchan. 1987. Effect of food intake on energy and 
protein metabolism in finishing beef steers. Br. J. Nutr. 57:457-465. 
93 
Lorenzen, C. L, M. Koohmaraie, S. D. Shackelford, F. Jahoor, H. C. Freetly, T. L. 
Wheeler, J. W. Savell, and M. L. Fiorotto. 2000. Protein kinetics in callipyge 
lambs. J. Anim. Sci. 78:78. 
McPherron, A. C., A. M. Lawler, and S. J. Lee. 1997. Regulation of skeletal muscle 
mass in mice by a new TGF-p superfamily member. Nature (Lond.) 387;83. 
McPherron, A. C., and S. J. Lee. 1997. Double-muscling in cattle due to mutations 
in the myostatin gene. Proc. Natl. Acad.Sci. USA 94:12457. 
Meyer, H. H., A. Abdulkhaliq, S. L. Davis, J. Thompson, R. Nabioullin, Pai-yen Wu, 
and Neil E. Forsberg. 1996. Effects of the callipyge phenotype on serum 
creatinine, total cholesterol, low-density lipoproteins, very-low-density 
lipoproteins, high-density lipoproteins, and triacylglycerol in growing lambs. J. 
Anim. Sci. 74:1548. 
Millward, D. J., P. J. Garlick, R. J. C. Stewart, D. O. Nnanyelugo, J. C. Watelow. 
1975. Skeletal muscle growth and protein turnover. Biochemical Journal. 
150:235-243. 
Millward, D. J., P. J. Garlick, D. O. Nnanyelugo, and J. C. Waterlow. 1976. The 
relative Importance of muscle protein synthesis and breakdown in the 
regulation of muscle mass. Biochem. J. 156:185. 
Munro, H. N. 1969. Evaluation of protein metabolism in mammals. In: H. N. Munro 
(Ed.) Mammalian Protein Metabolism, Vol. 3. pp 132-182. Academic Press, 
New York. 
Nott, C. F. G., and W. C. Rollins. 1973. Effect of the /Wgene for muscle hypertrophy 
on body conformations and size in beef cattle. Genetics 74:198. 
Pringle, T. D., C. D. Calkins, M. Koohmaraie, and S. J. Jones. 1993. Effects over 
time of feeding a p-adrenergic agonist to wether lambs on animal 
perfonnance, muscle growth, endogenous muscle proteinase activities, and 
meat tenderness. J. Anim. Sci. 71:636. 
Ramondi, R. 1964. Results of a test of a commercial cross between a double 
muscled Piedmont bull and Red Pied Aosta cows. Anim. Breed. Abstr. 
32:454. 
Rathmacher, J. A., G. Link, and S. Nissen. 1992. Technical note: The use of a 
compartmental model to estimate the de novo production rate of Nt-
methylhistidine in cattle. J. Anim. Sci. 70:2104. 
94 
Rathmacher, J. A., G. Link, and S. Nissen. 1993. Measurement of 3-methylhistidine 
production in lambs by using compartmental-kinetic analysis. Br. J. Nutr. 
69:743-755. 
Rawlings, D. M., N. Cockett, V. T. Mendenhall, and G. D. Snowder. 1994. Quality 
characteristic of cooked lamb from callipyge animals and normal half-siblings. 
J. Anim. Sci. (Suppl. 1):61 (Abstr.). 
Reeds, P. J., and C. I. Harris. 1981. Protein turnover in animals: man in context. 
In: Nitrogen metabolism in man, edited by J. C. Waterlow and J. M. L. 
Stephen. London: Applied Science Publishers, p. 391-408. 
Robinson, R. G. 1989. The effects of frame size, muscling and slaughter weight on 
growth and carcass characteristics of ewe and wether lambs. Ph. D. 
Dissertation. Texas Tech Univ., Lubbock. 
SAS. 1988. SAS User's Guide:Statistics. SAS Inst. Inc., Gary, NC. 
Schoenheimer, R., and D. Rittenberg. 1940. The study of intermediary metabolism 
of animals with the aid of the isotopes. Phsiol. Rev. 20:218. 
Schroeder, A. L, W. G. Bergen, and R. A. Merkel. 1990. Estimation of lean body 
mass (LBM), empty body protein (EBP), and skeletal muscle protein (SMP) 
from urinary creatinine excretion (UCE) in beef steers. J. Anim. Sci. 
68(Suppl.1):311 (Abstr.). 
Schwenk, W. F., E. Tsalikian, B. Beaufrere, and M. W. Haymond. 1985. Recycling 
of an amino acid label with prolonged isotope infusion: implications for kinetic 
studies. Am. J. Physiol. 24&E482. 
Shelley, J. M., J. D. Kemp, W. Deweese, D. D. Kratzer, and D. G. Ely. 1970. Effect 
of castration, slaughter weight, and testosterone on lamb carcass composition 
and palatability. J. Anim. Sci. 31:189 (Abstr.). 
Smith, T. P., N. L. Lopez-Corrales, S. M. Kappes, and T. S. Sonstegard. 1997. 
Myostatin maps to the interval containing the bovine mh locus. Mamm. 
Genome 8:742. 
Snowder, G. D., N. E. Cockett, J. R. Busboom, and F. Hendricks. 1994a. The 
influence of the callipyge gene on growth and feed efficiency of white-faced 
and blackfaced lambs. J. Anim. Sci. 72(Suppi. 1):60 (Abstr.). 
Snowder, G. D., N. E. Cockett, J. R. Busboom, F. Hendricks, and V. T. Mendenhall. 
1994b. The influence of the callipyge gene on carcass characteristic of white-
faced and blackfaced lambs. J. Anim. Sci. 72(Suppl. 1):60 (Abstr.). 
95 
Snowder, G. D., J. R. Busboom, N. E. Cockett, F. Hendricks, and V. T. Mendenhall. 
1994c. Effect of the callipyge gene on lamb growth and carcass 
characteristics. Proceedings of the 5*^ World Congress on Genetics Applied 
to Livestock Production. Vol. 21, Aug. 7-12, pp 51-54. 
Soltesz, G., J. Joyce, and M. Young. 1973. Protein synthesis rate in the newborn 
lamb. Biology of the Neonate 23:139-148. 
Suttie, J. M., E. A. Lord, P. D. Gluckman, P. F. Fennessy, and R. P. Littlejohn. 1991. 
Genetically lean and fat sheep differ in their growth hormone response to 
growth hormone releasing factor. Domest. Anim. Endocrinol. 8:323. 
Thiessen, R. B., and W. C. Rollins. 1982. A comparison of normal and 
heterozygous animals for double muscling in British breeds of cattle. In: J. W. 
B. King F. Menissier (Ed.) Muscle hypertrophy of genetic origin and its use to 
improve beef production. Curr. Top. Vet. Med. Anim. Sci. 16:205. 
Webster, A. J. F. 1976. In meat and animals. Growth and Productivity, p. 89 [D. 
Lister, D. N. Rhodes, V. R. Fowler and M. F. Fuller, editors]. London: 
Plenum. 
Whisnant, C. S., R. S. Kline, J. C. Branum, G. M. Zaunbrecher, M. Z. Khan, and S. 
P. Jackson. 1998. Hormonal profile of callipyge and nomial sheep. J. Anim. 
Sci. 76:1443. 
Xue, G. P., A. M. Snoswell, and R. C. Fishlock. 1988. Quantitative study on 
creatine metabolism in sheep tissues. Biochem. Int. 16:623. 
Young, O. A., and T. J. Braggins. 1993. Tenderness of ovine semimembranosus: Is 
collagen concentration or solubility the critical factor? Meat Science, 37:297. 
Young, V. R., S. D. Alex, B. S. Baliga, H. N. Munro, and W. Mueche. 1972. 
Metabolism of administered 3-methylhistidine: Lack of muscle transfer 
ribonucleic acid charging and quantitative excretion as 3-methylhistidine and 
its N-acetyl derivative. Joumal of Biological Chemistry 217:3592-3600. 
Young, V. R., L. N. Haverberg, C. Bilmazes, and H. N. Munro. 1973. Potential use 
of 3-methylhistidine excretion as an index of progressive reduction in muscle 
protein catabolism during starvation. Metabolism 22:1429-1436. 
Young, V. R., Y-M. YU, and N. K. Fukagawa. 1991. Protein and energy interaction 
throughout life. Acta. Paediatr Scand Suppl. 373:5. 
96 
Youngs, C. 1995. The callipyge (muscle) gene: What we know. Presentation at the 
1995 Iowa Sheep Symposium, March 4 & 5, Des Moines, lA. 
97 
ACKNOWLEDGMENTS 
Foremost, I thank ALLAH for enabling me to complete this work. Then, I 
would like to express my sincere thanks to King Saud University, Saudi Arabia for 
the scholarship while at Iowa State University. 
Also, I would like to express my sincere thanks and appreciation to Drs. 
Steven Nissen and Daneil Morrical for their advice, guidance, and friendship during 
the course of this work. Their creative mind, encouragement, and understanding of 
science have been a great inspiration. Our discussion about science, research, and 
life in general has benefited me greatly. 
Great thanks are extended to Or. John Rathmacher for the surgical 
preparation of animals and for his continuous help not only with animal work but also 
during the technical work. His understanding in professional science was essential 
to make this work possible. I really enjoyed working with him and his discussion. 
Appreciation is extended to my committee members, Drs. S. Nissen, D. 
Morrical, A. Trenkle, F. Parrish, N. Ghoshal, and J. Rathmacher for serving in my 
committee, advice, and opening their laboratories for my use. 
Deep thanks are extended to Metabolic Technology, Inc.'s crew especially 
Melodi Meshek for her help in technical work. I also, would like to thank James 
Kramer for his help during blood sampling. 
Finally, special thanks to my wife and my children for their love, support, and 
patience while we are far away from home. 
